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DEMONSTRATION  OF  ROBUST  MICROMACHINED  JET  TECHNOLOGY  AND  ITS 
APPLICATION  TO  REALISTIC  FLOW  CONTROL  PROBLEMS 

AFOSR  GRANT  F49620-97-1-0519 


Mark  G.  Allen  and  Ari  Glezer 
School  of  Electrical  and  Computer  Engineering  & 
School  of  Mechanical  Engineering, 
Georgia  Institute  of  Technology,  Atlanta,  GA 


Abstract 

In  this  work,  we  are  investigating  the  use  of  microfabrication  technology  to  create  a  micromachined  fluidic 
control  system  (consisting  of  micromachined  actuators,  sensors,  and  control/drive  circuitry)  with  a  goal  o 
application  in  practical  fluids  problems,  such  as  UAV-scale  aerodynamic  control.  Our  approaches  include: 
(1)  the  development  of  suitable  micromachined  synthetic  jets  ( microjets )  as  actuators,  which  obviate  t  e 
need  to  physically  extend  micromachined  structures  into  an  external  flow;  and  (2)  a  non-silicon  alternative 
micromachining  fabrication  technology  based  on  metallic  substrates  and  lamination  (in  addition  to 
traditional  MEMS  technologies)  which  will  allow  the  realization  of  larger  scale,  more  robust  structures  and 
larger  array  active  areas  for  fluidic  systems.  As  an  initial  study,  an  array  of  MEMS  pressure  sensors  and  an 
array  of  MEMS  modulators  for  orifice-based  control  of  microjets  have  been  fabricated,  and  characterized. 
Both  pressure  sensors  and  modulators  have  been  built  using  stainless  steel  as  a  substrate  and  a  combination 
of  lamination  and  traditional  micromachining  processes  as  fabrication  technologies. 


Introduction 

Micromachined  devices  have  been  primarily  realized  using  silicon  substrates  [1].  In  many  applications  the 
use  of  traditional  silicon-substrate  micromachined  devices  may  be  limited,  for  example  by  the  lack  ot 
ability  of  the  surrounding  silicon  substrate  to  absorb  large  mechanical  shocks.  In  this  work,  we  have 
investigated  the  use  of  more  robust  substrates  as  suitable  starting  points  for  both  bulk  and  surface 
micromachined  structures,  as  well  as  investigated  the  possibility  of  the  substrate  forming  essential 
structural  components  of  the  device  package.  Alternative  fabrication  techniques,  such  as  techniques  more 
commonly  used  in  either  conventional  machining  as  well  as  electronic  packaging  fabrication  (e.g., 
lamination),  are  combined  with  more  traditional  integrated-circuit-based  microelectronics  processing 
techniques  to  create  micromachined  devices  on  these  robust  substrates. 

One  of  the  advantages  of  the  use  of  robust  substrates  is  the  possibility  of  co-fabrication  of  the 
micromachined  devices  and  their  packages  using,  e.g.,  the  robust  substrate  itself  as  an  integral  part  of  the 
sensor  package.  Another  advantage  is  that  due  to  substrate  robustness,  these  co-packaged  devices  may  be 
able  to  be  used  in  mechanically  harsh  environments,  such  as  aerodynamic  applications.  Finally,  it  is 
envisioned  that  the  larger-scale  devices  (especially  actuators)  producible  by  this  fabrication  technology  will 
have  increased  control  authority  over  their  silicon  counterparts. 

The  use  of  synthetic  jets  [2]  as  fluidic  actuators  enables  the  possibility  of  altering  the  apparent  aerodynamic 
shape  of  an  airfoil  by  creating  a  closed  recirculation  region  without  extending  any  mechanical  parts  into  the 
crossflow  of  the  airfoil.  This  approach  is  very  suitable  for  a  MEMS-based  flow  control  scheme,  since  (1) 
such  devices  have  already  been  demonstrated  as  being  compatible  with  micromachinmg  technology  [3]; 
and  (2)  the  relatively  'delicate'  MEMS  devices  do  not  need  to  be  exposed  to  the  flow;  in  fact,  the  devices 
can  be  recessed  under  an  orifice  plate,  safely  out  of  reach  of  the  flow.  A  microjet,  pressure  sensor,  and 
provision  for  integrated  circuitry  can  also  be  combined  together  to  form  a  module  suitable  for  repetition 
into  an  array.  Such  a  module  contains  a  modulator  to  switch  the  synthetic  jets  on  and  off  at  each  orifice 
hole,  a  pressure  sensor  to  sense  the  local  pressure,  and  some  local  electronics  to  perform  readout,  signal 
linearization,  and/or  local  control. 

In  the  previous  report  we  concentrated  on  sensor  development,  and  have  recently  published  a  paper  on  the 
pressure  sensor  technology  (Ref.  4).  This  report  covers  progress  from  July  1998  to  July ^1999,  and  is 
divided  into  three  sections:  progress  in  robust  micromachining  technology,  specifically  for  the  robust 
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microjet  modulator  and  the  robust  pressure  sensor;  and  progress  in  synthetic  jet  technology,  specifically, 
vortex  generation  for  aerodynamic  control  using  synthetic  jets.  By  incorporating  conventional  machining 
technology  with  lamination  and  surface  micromachining,  robust  actuators  were  achieved.  The  Kapton 
diaphragm  used  for  the  first  generation  of  pressure  sensors  was  replaced  by  a  stainless  steel  diaphragm. 

1.  Progress  in  robust  microjet  modulator  technology 

The  actuator  concept  being  pursued  is  shown  in  Fig.  1. 

Sheets  of  material  are  laminated  onto  a  stainless  steel 
substrate,  lithographically  patterned,  and  surface 
micromachined  to  form  standoffs  and  flow  channels. 

The  flow  channels  permit  airflow  through  an  orifice 
conventionally  machined  in  the  substrate  when  the 
actuators  are  in  the  ‘off  position.  When  the  actuators 
are  energized,  the  flexible  sheet  is  deflected  toward 
the  surface,  constricting  the  airflow  and  ultimately 
blocking  the  orifice.  Currently,  the  actuators  are 
driven  electrostatically,  by  application  of  a  voltage  between  the  flexible  sheet  and  the  substrate.  Synthetic 
jets  are  formed  by  addition  of  a  piezoelectric  driver  attached  to  the  actuator  side  of  the  substrate  orifice. 
Centerline  velocities  on  the  order  of  3  m/s  have  been  measured  through  the  three  types  of  actuators  as  will 
be  described  later. 

Actuator  Fabrication 

The  devices  (Fig.  2)  are  fabricated  using  lamination 
technology,  and  are  made  from  stainless  steel  (SS) 
substrates  and  diaphragms,  and  polyimide  standoffs. 

The  process  begins  with  a  0.05  inch  milled  stainless 
steel  substrate,  Kapton  polyimide  film,  and  12.5  jum 
SS  302  foil.  The  milled  substrate  is_2”  x  2”  with  25 
milled  holes  2  mm  in  diameter.  The  Kapton  is  Type 
200  HN  from  Dupont,  and  the  SS302  thin  film  is  a 
prefabricated,  over-the-counter  shim  stock.  To 
fabricate  the  actuators,  the  Kapton  is  first  laminated  to 
the  milled  substrate,  and  the  SS  foil  is  laminated  to 
the  Kapton.  This  is  done  in  two  steps  for  improved 
adhesion  between  each  layer.  Next,  photolithography 
is  used  to  mask  the  stainless  steel  sheet  for  wet 
etching.  The  stainless  steel  is  formed  into  three  different  types  of  actuator  geometries  using  a  wet  etch. 
Finally,  the  Kapton  is  removed  using  an  isotropic  dry  etch,  in  which  the  stainless  steel  film  serves  as  the 
mask  for  surface  micromachining  of  the  underlying  Kapton.  By  sizing  the  geometries  of  the  modulator 
appropriately,  patterning  of  the  Kapton  sacrificial  layer  to  form  anchor  points  is  avoided.  A  photograph  of 
a  two  inch  substrate  bearing  stainless  steel  modulators  is  shown  below.  Some  of  the  modulators  have  been 
removed  to  show  the  underlying  orifice  holes. 

Actuator  geometry  and  performance 

The  actuating  diaphragms  consist  of  a  central  ‘pad’  region,  which  acts  to  cover  up  the  orifice  holes,  and 
support  beams  of  a  variety  of  geometries  shown  in  Fig.  3.  For  all  actuators,  the  pad  is  3.6  mm  in  diameter, 
and  is  designed  to  deflect  50  pm  (the  standoff  height)  to  block  the  2  mm  orifice  hole  on  the  milled 
substrate.  Each  actuator  has  four  beams  extending  normally  outward  at  angles  of  0°,  90°,  180°,  and  270°. 
Also,  all  beam  widths  on  the  actuators  are  200  pm.  Geometric  representations  of  the  designed  actuators  are 
shown  in  the  figure  below.  The  first  actuator  tested  has  beams  1.5  mm  long  extending  outward  from  the 
center  actuator  pad.  This  actuator  had  an  actuation  voltage  of  157  V  and  a  first  resonant  frequency  of  384 
Hz.  The  second  type  of  actuator  has  an  “S-shaped”  arm  with  a  total  length  of  1.4  mm.  It  had  an  actuation 
voltage  of  550  V  and  a  first  resonant  frequency  of  1.145  kHz.  The  third  actuator  had  an  “S-shaped”  beam 
with  a  total  length  of  2.75  mm.  It  had  an  actuation  voltage  of  320  V  and  a  first  resonant  frequency  of  409 
Hz. 


Figure  2.  Photograph  of  modulator 


Stainless  Steel 


Figure  1.  Schematic  cross-section  of  robust 
microjet  modulator 
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Figure  3.  Three  different  shapes  of  modulators 


Verification  of  operation  using  PIV 

Particle  ima°e  velocimetry  (PIV)  tests  were  performed  on  the  modulator  actuators,  both  to  demonstrate  that 
synthetic  jeFflow  could  pass  through  the  modulators,  as  well  as  to  demonstrate  modulator-based  control  of 
the  synthetic  jet  flow.  Both  a  single  modulator  test  (in  which  one  isolated  modulator  was  turned  ‘on’),  and 
a  dual  modulator  test  (in  which  one  of  two  adjacent  modulators  was  turned  ‘on’)  were  performed. 

For  the  single  valve  PIV  test,  the  third  modulator  type  (2.75  mm  total  length)  described  above  was  used, 
and  the  piezo-driver  was  driven  at  900  kHz.  Centerline  velocity  from  the  orifice  was  measured  at  3  m/s 
before  electrostatic  actuation  (i.e„  before  the  pad  was  drawn  down  to  cover  the  orifice  hole;  figure  left)  and 
~0  m/s  once  actuated  (figure  right).  This  experiment  demonstrates  that  the  modulator  can  physically  stop  a 
flow  by  controlled  actuation. 

The  dual  valve  PIV  tested  the  actuation  of  one  valve  when  two  valves  were  open,  and  this  test  used  the 
second  modulator  described  above  (1.4mm  total  beam  length).  In  this  test,  the  centerline  velocities  were 
once  again  measured  to  be  ~3  m/s  when  open  (figure  left).  When  one  valve  was  actuated,  the  centerline 
velocity  through  the  second  hole  remained  constant  and  no  additional  vectoring  was  experienced  (figure 
right). 


Figure  4.  Single  and  dual  modulator  test  using  PIV. 


2.  Progress  in  robust  pressure  sensor  technology 

In  the  last  report,  a  robust  capacitive  pressure  sensor  array  was  demonstrated.  It  used  stainless  steel  as  a 
substrate,  Kapton  film  as  a  pressure-sensitive  flexible  plate,  and  electroplated  nickel  as  a  back  electrode.  By 
sensing  the  capacitance  change  of  the  capacitor  formed  between  the  flexible  diaphragm  and  the  rigid 
backplate  (Figure  5),  and  by  knowing  the  mechanical  properties  of  the  diaphragm,  the  pressure  can  be 
determined.  An  important  attribute  of  this  design  is  that  only  the  steel  substrate  and  the  pressure  sensor 
inlet  is  exposed  to  the  flow;  i.e.,  the  sensor  is  self-packaged  [4],  A  critical  point  in  this  design  was  that 
Kapton  was  exposed  to  the  flow.  We  report  an  improved  fabrication  technology,  which  uses  a  stainless 
steel  diaphragm,  thus  ensuring  that  only  stainless  steel  is  exposed  to  the  flow. 
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Figure  5  shows  a  schematic  diagram  of  the  side-view  of  the 
device,  where  di  is  an  initial  gap  distance  between  the  fixed 
back  electrode  and  the  flexible  plate  electrode,  w0  is  the 
deflection  at  the  center  of  the  plate,  t  is  the  thickness  of  the 
I  plate,  and  P  is  the  applied  uniform  pressure.  An  analytical 
model  is  shown  in  [4]. 

Fabrication  of  robust  pressure  sensor 
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Figure  5.  A  schematic  diagram  of  the  side- 
view  of  the  capacitive  pressure  sensor. 


The  fabrication  sequence  of  the  robust  pressure  sensor  starts 
on  a  square  stainless  steel  substrate.  Its  side  length  and 
thickness  are  5.7  cm  (2  inch)  and  0.5  mm  (20  mil.), 
respectively.  An  array  of  8x8  pressure  inlet  holes  with  a 
diameter  of  2  mm,  with  5  mm  center-to-center  distances,  are 
milled  through  the  substrate.  A  Kapton  film  (Dupont, 
Kapton  HN200,  50pm  [2  mil.]  thick)  and  a  stainless  steel 
film  are  laminated  onto  the  milled  substrate  using  a  hot  press.  The  pressure  sensitive  flexible  plates  will  be 
the  stainless  steel  film  in  the  regions  suspended  over  the  milled  pressure  inlet  holes.  Next  a  polyimide  (PI) 
isolation  layer  is  deposited  with  a  thickness  of  3pm.  To  create  bottom  electrodes,  electroplating  seed  layers, 
and  bonding  pads  (Figure  6),  a  triple  metallic  layer  of  Ti/Cu/Ti  is  deposited  with  a  thickness  of 
250/6000/250  A  and  patterned.  Two  layers  of  AZ4620  photoresist  are  spun  onto  the  patterned  layer, 
yielding  a  final  thickness  of  photoresist  of  approximately  40-45  pm.  The  photoresist  is  patterned  to  create 
electroplating  molds  and  nickel  supports  are  electroplated  through  the  molds.  To  fabricate  the  backplate,  a 
Ti/Cu/Ti  metallic  triple  layer  is  deposited  to  act  as  a  seed  layer.  Thick  photoresist  (AZ  4620)  is  spun  on  the 
seed  layer  (approximately  20pm  thick)  and  patterned  to  act  as  electroplating  molds.  Nickel  is  electroplated 
through  the  molds  to  create  the  backplates.  Finally,  the  photoresist  sacrificial  layers  and  the  seed  layer  in 
between  them  are  etched  using  Acetone  to  create  an  air  gap  between  the  fixed  backplate  and  the  pressure 
sensitive  stainless  steel  diaphragm  (Figure  5).  Finally  the  Kapton  underneath  the  stainless  steel  diaphragm 
is  removed  by  dry  etch  using  RIE. 


(a)  (b) 

Figure  6.  Photomicrographs  of  fabricated  pressure  sensors,  (a)  side  exposed  to  flow,  (b)  sensor  view. 
Measurement 

The  capacitance  of  individual  pressure  sensors  has  been  measured  using  a  Keithley  3322  LCZ  meter. 
Measured  capacitances  for  undeflected  pressure  sensors  were  in  the  range  59pF  to  95pF  depending  on  the 
length  of  interconnections  between  bonding  pads  and  sensors.  The  electronics  chosen  to  read  out  the 
pressure  sensors  is  an  astable  multivibrator,  the  frequency  of  which  depends  on  the  capacitance  of  the 
sensor.  We  have  achieved  this  integration  by  using  surface  mount  components;  both  operational  amplifiers 
and  surface-mount  external  resistors  for  the  multivibrator  circuit. 
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Figure  7:  Theoretical  and  measured  values  of  net 
capacitance  change. 


Figure  8.  A  photomicrograph  of  the  surface- 
mount  chip  integrated  on  laminated  Kaptonfilm. 


Specific  improvements  since  the  last  report  are: 

1.  The  wiring  paths  have  been  reconfigured  to  minimize  the  parasitic  capacitances. 

2.  Surface-mount  passive  components  have  been  integrated  in  the  system  (in  the  previous  reporting  period, 
the  passive  components  were  external).  The  sensitivity  of  the  pressure  sensor  is  typically  —1.48  Hz  kPa  . 

The  values  of  capacitance  and/or  corresponding  frequency  change  produced  by  the  sensors  are  easily 
measurable  in  their  current  form.  However,  in  order  to  achieve  higher  sensitivity,  reduction  of  the  parasitic 
capacitance  is  desirable.  Furthermore,  a  multiplexing  scheme  to  address  larger  numbers  of  sensors  using  a 
control  bus  has  to  be  developed.  We  are  currently  investigating  feasibility  of  flip-chip  bonding  as  well  as 
wire-bonding  of  the  silicon  circuitry. 

3.  Progress  in  synthetic-jet-based  vortex  generation  for  aerodynamic  control 

The  operational  range  of  fixed  vortex  generators  and  of  vortex  generator  jets  can  be  substantially  extended 
by  using  synthetic  jet  actuators  of  the  type  achievable  using  robust  substrate  micromachining.  An  important 
attribute  of  these  jets  is  that  when  they  are  operated  in  close  proximity  in  phased  arrays  (which  can  be 
achieved  using  MEMS  technology),  they  can  be  cooperatively  vectored  simply  by  adjusting  the  relative 
phase  of  their  individual  control  signals.  A  non-zero  phase  angle  between  adjacent  jets  results  in  a 
combined  jet  that  vectors  toward  the  jet  that  is  leading  in  phase,  thus  leading  to  the  formation  of  either 
clockwise  or  counterclockwise  vorticity. 

In  the  present  work,  each  vortex  generator  module  is  comprised  of  a  pair  of  adjacent  jets  emanating  out  of 
rectangular  (300  pirn  wide)  orifices  that  are  parallel  along  their  long  (streamwise)  dimension  and  are  1.25 
mm  apart.  The  interaction  of  three  jet  pairs  in  the  absence  of  a  cross  flow  is  shown  in  PIV  (particle  image 
velocimetry)  images  in  Fig.  9.  These  images  are  color  raster  plots  of  the  velocity  magnitude  (ranging  from 
0-3.5  m/s)  in  the  spanwise  cross  flow  (y-z)  plane.  In  the  figure  below  left,  all  three  jet  pairs  are  driven  in 
phase  and  are  nominally  normal  to  the  surface.  In  the  figure  below  right,  the  right  hand  side  jet  in  each  pair 


m 
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Figure  9:  Velocity  magnitude  plot  of  vectored  microjets 
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is  leading  in  phase  (by  80°)  and  the  resultant  jets  are  all  vectored  to  the  right.  Other  spanwise  jet 
interactions  are  easily  software-programmed  by  altering  the  relative  phase  angle  of  each  pair. 

An  investigation  of  the  evolution  of  vectored  synthetic  jets  in  a  cross-flow  is  conducted  in  a  small-scale 
wind  tunnel  where  the  jet  array  module  is  integrated  into  the  test  section  floor.  In  the  spanwise  (x-y)  view, 
the  vertical  and  spanwise  velocity  components  are  captured  and  thus  it  is  possible  to  compute  directly  the 
sense  and  strength  of  the  streamwise  vorticity.  Data  is  taken  at  a  number  of  streamwise  stations.  Figure  10 
show  superposed  images  of  the  velocity  vectors  in  the  y-z  plane  and  color  raster  plots  of  the  streamwise 
vorticity  for  a  single  jet  pair  taken  at  x/L  =  3  (L  is  the  streamise  length  of  the  jet  orifice).  In  the  center 
figure,  the  phase  angle  is  0  and  the  data  shows  almost  no  traces  of  streamwise  vorticity.  In  the  right  figure 
the  right  hand  side  jet  is  leading  in  phase  by  130°  and  the  vectoring  is  to  the  right  leading  to  the  formation 
of  a  strong  counter-clockwise  vortex.  When  the  phase  angle  is  reversed  (left)  the  sense  of  the  streamwise 
vortex  is  reversed  (i.e.,  clockwise).  Note  the  appearance  of  vorticity  of  the  opposire  sense  in  each  image 
next  to  the  tunnel  wall  owing  to  the  induced  boundary  layer. 
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Figure  10:  Vectored  synthetic  jets  in  a  cross-flow 


Conclusions 

Robust  materials  have  been  studied  as  suitable  substrates  for  micromachined  devices.  Lamination 
combined  with  traditional  micromachining  processes,  has  been  investigated  as  a  suitable  fabrication 
process  for  the  robust  substrates. 

A  capacitive  pressure  sensor  array  using  a  robust  stainless  steel  shim  stock,  stainless  steel  diaphragm,  and 
lamination  processing  has  been  designed,  fabricated,  and  characterized.  Read-out  circuitry  has  been 
designed  and  integrated  with  the  pressure  sensors,  providing  a  frequency-modulated  output.  Surface-mount 
chips  were  directly  integrated  on  robust  micromachined  devices  to  make  high  sensitivity  devices. 

A  robust  modulator  array  using  a  robust  stainless  steel  shim  stock,  Kapton  film  as  an  insulator,  stainless 
steel  metal  foil  as  a  modulator  body  has  been  designed,  fabricated,  and  characterized.  The  PIV  tests  for 
parts  of  robust  modulator  arrays  show  that  microjets  as  high  as  6  m/s  can  be  modulated  using  this  device. 
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Abstract 

Accurate  predictions  for  boundary  layer  transition  are  important  to  the  turbine  blade 
designer  since  nearly  half  of  the  blade  chord  length  may  be  transitional.  Unsteady  values 
for  local  heat  flux  and  skin  friction  within  this  region  are  dictated  by  the  generation, 
propagation,  and  coalescence  of  turbulent  spots  within  an  otherwise  laminar  boundary 
layer.  Formation  of  an  accurate  transition  model,  which  can  be  used  to  significantly 
improve  CFD  codes,  requires  experimental  measurement  of  actual  turbulent  spot 
characteristics,  and  how  they  are  affected  by  parameters  such  as  freestream  turbulence, 
pressure  gradient,  etc. 

A  large  amount  of  this  experimental  work  has  been  carried  out  using  the  unique  facilities 
at  the  University  of  Oxford  under  previously  supported  AFOSR  grants.  The 


Figure  1.  332mm  x  150mm  x  10mm  Plexi-glass  flat  plate  model  covered  with  a 
flexible,  50pm  thick  sheet  of  polyimide.  233  platinum  sensors  are  sputtered  onto  the 
surface  for  high  resolution  turbulent  spot  measurements. 
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Figure  2.  Turbulent  spot  heat  flux  signals  at  three  streamwise  locations.  Turbulent  spots 
develop,  grow  and  convect  down  the  surface,  causing  a  step  rise  in  the  local 
heat  flux  as  is  passes. 

experimental  work  has  continued  this  year1  using  new  high-density  thin  film  heat  transfer 
gauge  arrays,  which  have  been  developed  specifically  for  high  resolution,  high  frequency 
turbulent  spot  measurements.  Parallel  to  this  work,  the  development  was  undertaken  of  a 
CFD  code  for  transitional  heat  transfer  based  on  the  formation  of  turbulent  spots  using 
actual  existing  experimental  data2.  Once  completed,  this  code  may  be  incorporated  into 
current  CFD  codes,  thus  providing  designers  with  a  better  tool  for  predicting  transitional 
heat  transfer  in  turbines. 

The  experimental  work  at  Oxford  has  made  use  of  new  high  density  thin  film  heat 
transfer  gauge  arrays  and  signal  processing  techniques  to  capture  detail  that  was 
previously  unobtainable.  Details  of  the  new  instrumentation  are  given  in  Anthony  et.  al. 
(1999).  High  spatial  resolution  is  important  for  accurate  measurement  of  key  transition 
parameters,  especially  turbulent  spot  generation  rate.  The  platinum  high  density  thin  film 
arrays  are  sputtered  onto  a  flexible,  50 pm  thick,  insulating  sheet  of  polyimide.  This  sheet 
of  sensors  is  then  glued  onto  the  surface  of  a  Plexi-glass  flat  plate  model.  Completed 
construction  of  the  wind  tunnel  model  is  shown  in  Figure  1.  The  platinum  layout 
consists  of  233  heat  flux  sensors  on  a  single  model  surface. 

The  model  is  installed  in  a  high  speed  subsonic  wind  tunnel  at  Oxford  where  experiments 
are  run  over  a  range  of  Reynolds  number  and  Mach  number  (0.1 -0.4).  Heat  flux  is  driven 
by  a  temperature  difference  between  the  model  and  freestream  airflow.  The  transient  run 
time  is  very  short  (~0.3  sec)  allowing  a  1-D  semi-infinite  heat  conduction  analysis  to  be 
used  (Schultz  and  Jones  1973).  Typical  heat  flux  traces  from  three  consecutive 
streamwise  sensors  are  shown  in  Figure  2.  A  passing  turbulent  spot  causes  a  brief  jump 
in  heat  flux  from  the  laminar  level  to  the  turbulent  level.  This  example  of  streamwise 


1  Second  year  D.Phil.  study  done  at  The  University  of  Oxford  by  Richard  J.  Anthony 

2  First  year  Master’s  study  done  at  Syracuse  University  by  Tara  Chaidez 
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measured  from  spanwise  array  (3-A)  over  8  ms  at 
Figure  3.  Sensor  arrays  located  three  different  Reynolds  numbers  above  Mach  0.2. . 

on  flat  plate  with  multi-moded  Turbulent  heat  flux  is  light,  laminar  is  dark, 

transition;  natural  and  sidewall 

induced. 

data  shows  how  spots  appear,  grow,  and  convect  down  the  model  surface.  From  this 
data,  the  different  convection  velocities  of  the  spot  leading  edge,  trailing  edge,  and 
becalmed  region  are  obtained,  and  the  streamwise  growth  of  the  spot  can  be  measured. 
This  data  agrees  with  similar  results  collected  by  Clark  (1993)  and  Hofeldt  (1997)  using 
traditional  thin  film  gauges. 

Data  on  the  propagation  and  growth  of  turbulent  spots  have  been  well  documented.  One 
parameter  that  has  been  difficult  to  measure  directly  however,  is  turbulent  spot  generation 
rate.  This  requires  high-frequency,  high-spatial  resolution  measurements  that  traditional 
thin  film  gauges  could  not  obtain. 

The  new  high  density  thin  film  arrays  are  unique  in  that  they  allow  higher  spatial 
resolution  to  capture  greater  detail  than  before.  Many  sensors  may  be  grouped  close 
enough  together  that  “images”  of  transitional  heat  transfer  events  crossing  a  spanwise 
array  may  be  generated.  A  result  of  the  surface  heat  flux  imaging  technique  is  shown  n 

Figures  3  and  4. 
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This  example  describes  an  experiment  measuring  multi-moded  transition  across  the 
model.  The  plate  is  held  at  both  sides  at  mid-height  of  the  test  section,  with  air  flowing 
over  both  top  and  bottom.  While  a  relatively  low  turbulence  freestream  meets  nearly  all 
of  the  leading  edge  (3-E),  turbulent  endwall  boundary  layers  (3-D)  growing  along  the 
tunnel  sidewalls  (3-F)  induce  a  “bypass”  transition  near  the  front  comers  where  the  plate 
meets  the  wall.  The  geometry  of  the  test  section  is  crudely  similar  to  a  turbine  blade 
lying  perpendicular  and  between  its  base  and  the  endwall.  The  induced  turbulent  spots 
on  the  plate  grow  and  convect  across  the  plate  at  a  constant  spreading  angle  of  nearly  11° 
(3-C).  The  effects  of  the  turbulent  endwall  boundary  layer  on  the  plate,  which  were 
nearly  insignificant  at  the  front  of  the  model,  go  on  to  dominate  the  plate’s  surface 
towards  the  rear. 

At  a  distance  further  down  the  plate  is  a  spanwise  array  of  19  closely  spaced  thin  film 
sensors,  which  lay  partly  inside  the  bypass  transition  zone  and  partly  outside  in  the 
undisturbed  boundary  layer.  Data  from  this  array  for  three  different  local  Reynolds 
numbers  is  shown  in  Figure  4.  Figure  4a  shows  what  the  sidewall  induced  transition 
looks  like  in  the  z-t  plane.  A  chain  of  individual  turbulent  spots  is  evident  near  the  wall. 
As  we  increase  the  Reynolds  number  (Figure  4b)  we  begin  to  see  both  bypass  transition 
in  the  lower  half  near  the  wall,  and  naturally-occurring  turbulent  spots  in  the  outside 
region  towards  the  center  of  the  plate.  Note  that  the  detail  shown  in  this  image  is  taken 
across  a  36mm  spanwise  length  in  less  than  8  ms,  in  a  flow  having  a  freestream  Mach 
number  just  over  0.2.  As  we  increase  Reynolds  number  once  more  (Figure  4c),  the 
natural  transition  down  the  center  of  the  plate  has  progressed  further,  with  spots  merging 
into  one  another  forming  a  mostly  turbulent  boundary  layer. 

Experiments  have  been  ran  to  quantify  turbulent  spot  generation  rate  using  the  “heat  flux 
imaging”  capability  of  the  new  instrumentation.  These  experiments  will  go  on  to  study 
the  effects  of  freestream  turbulence,  along  with  the  effects  of  favorable  and  adverse 
pressure  gradients.  Freestream  turbulence  will  be  generated  using  bar  grids  placed 
upstream  from  the  model.  Adjustable  pressure  gradient  liners  have  been  manufactured  for 
the  test  section  allowing  a  range  of  both  favorable  and  adverse  pressure  gradients  to  be 
tested.  Results  from  these  experiments  will  be  added  to  an  intermittency  model,  which 
may  be  patched  into  CFD  code  to  better  model  the  transition  zone. 

CFD  study: 

A  parallel  study  has  begun  at  Syracuse  University  as  part  of  a  two-year  Master’s  thesis. 
Further  investigation  of  the  transition  zone  will  be  performed  using  both  analytical  and 
computational  techniques.  An  improved  intermittency  model  will  be  developed  using 
acquired  experimental  boundary  layer  transition  data,  which  accounts  for  varying 
pressure  gradient  and  freestream  turbulence  conditions.  A  2-D  laminar  and  turbulent 
Navier-Stokes  time-marching  code  will  be  developed,  and  its  output  will  be  compared  to 
experimental  results. 

Intermittency  (y)  is  defined  as  the  fraction  of  time  a  given  point  in  the  boundary  layer  is 
turbulent  (i.e  covered  by  turbulent  spots).  Its  value  ranges  from  0,  meaning  always 
laminar,  to  1.0  meaning  always  turbulent.  Statistical  intermittency  models  provide  good 
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to  excellent  predictions  for  parameters  within  the  transition  region,  thus  providing  a 
valuable  tool  for  the  turbine  blade  designer.  The  idea  of  modeling  transition  parameters 
based  on  intermittency  was  first  proposed  by  Emmons  (1951).  Since  then  several 
researchers  have  refined  or  expanded  upon  the  so-called  universal  intermittency  model 
(Narasimha  1985).  This  study  will  review  existing  models  in  hope  of  developing  an 
improved  model  that  accurately  includes  the  effects  of  freestream  turbulence  and  pressure 
gradient  in  its  prediction. 

A  2-D  laminar  and  turbulent  time  marching  Navier-Stokes  code  is  also  currently  being 
developed  for  data  comparison  of  the  new  model  with  experimental  results.  For  the 
laminar  viscous  flow  calculations,  the  governing  Navier-Stokes  equations  are  represented 
in  conservative  form,  and  the  equation  of  state  is  used  to  solve  for  the  pressure  and  to 
close  the  equations. 
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Begin  time-stepping  loop 
Compute  local  time  step 

— 

Time  Step  through  interior  points 

—  compute  dissipation  function 

—  compute  flux 

—  compute  residual 

—  call  residual  smoothing  subroutine 

—  solve  k-epsilon  equations 

for  turbulent  quantities 

—  call  intermittency  subroutine  to 
compute  combination  method 

— 

End  Time  Stepping  Loop 

Output  Results 


The  unsteady  equations  are  advanced  to  a 
steady  state  solution  by  use  of  the  Jameson 
four-stage  Runge-Kutta  scheme.  This  scheme 
is  second-order  accurate  for  non-linear 
equations  and  includes  artificial  viscosity  to  the 
solution  to  prevent  odd-even  point  decoupling 
and  oscillations  near  shock  waves  or  stagnation 
points.  This  is  especially  important  for  the 
numerical  stability  when  there  is  not  enough 
natural  viscosity  present  in  the  solution.  This 
scheme  will  be  further  enhanced  by  use  of 
acceleration  techniques  as  given  by  Amone  and 
Swanson  (1993)  and  residual  smoothing 
techniques  as  given  by  Jameson  (1984). 

The  effect  of  turbulence  in  the  flow  field  will  be 
taken  into  account  by  using  the  eddy  viscosity 
hypothesis.  This  states  that  the  effective 
molecular  viscosity  pi  and  the  effective  thermal 
conductivity  k  are  replaced  with  a  linear 
combination  of  the  fluid  properties  in  both  a 
laminar  and  turbulent  state.  The  turbulent 
quantities  will  be  computed  by  use  of  the  2- 
equation,  k-to  turbulence  model.  This  model  is 
chosen  over  the  k-e  model  because  it  offers  a 
better  prediction  for  boundary-layer  flows 
subjected  to  various  adverse  pressure  gradients 
(Wilcox  1998). 


Figure  5.  Planned  flowchart  of  time¬ 
marching  CFD  routine  for  transition 
modeling. 


Finally,  linear  combination  models  will  be  used 
to  account  for  the  effects  of  intermittent 
variations  in  flow  parameters  within  the 
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transition  region.  In  this  case,  the  mean  flow  in  the  transition  zone  is  a  linear 
combination  in  the  proportion  (l-y):y  of  the  mean  flow  in  the  laminar  boundary  layer 
starting  from  the  stagnation  point  and  the  turbulent  boundary  layer  beginning  from  the 
onset  of  transition. 
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Analysis  of  the  supersonic  mean  and  turbulent  rough-wall  boundary  layer  data  was 
finalized  this  year.  In  addition,  the  numerical  simulations  of  the  supersonic  case,  using 
simple  turbulence  models,  was  also  completed.  The  subsonic  (Mach  0.25  and  0.65) 
blow-down  facility  construction  was  completed  and  testing  has  begun.  This  abstract 
presents  an  overview  of  the  Mach  2.8  experimental  and  numerical  results  and  a  brief 
description  of  the  subsonic  facility  with  preliminary  data. 

Introduction  . 

Compressibility  and  surface  roughness  produce  complex  turbulent  boundary  layers, 
which  have  important  practical  Air  Force  applications.  For  example,  New  World  Vistas 
has  identified  viscous  drag  reduction  and  increased  engine  efficiency  as  enabling 
technologies  for  future  Air  Force  war  fighting  capabilities.  A  key  technological  challenge 
that  is  important  to  all  of  the  components  of  vehicle  propulsion  and  aerodynamic  systems 
is  the  quantification  of  the  of  effect  surface  roughness  on  turbulent  boundary  layer 
characteristics  (e.g.,  skin  friction,  heat  transfer,  Reynolds  shear  stresses,  boundary  layer 
growth,  etc.).  A  second  Air  Force  applications  is  access  to  space,  where  for  example 
research  for  the  Space  Shuttle  program  indicated  that  vehicle  control  effectiveness  was 
significantly  influenced  by  roughness  on  the  control  surface  and  the  forebody  ahead  of  the 

control  panel.2 

Current  predictions  of  high-speed  flow  over  surfaces  with  roughness  are  founded  in  crude 
heuristic  extrapolations  of  the  incompressible  low-speed  database,  and  the  development 
of  engineering  prediction  methods  and  turbulence  models  suitable  for  high-speed  flow 
over  rough  surfaces  is  hindered  by  a  scarcity  of  experimental  data. 


The  principal  objective  of  this  research  program  is  to  experimentally  investigate  the 
combined  influence  of  compressibility  and  surface  roughness  on  the  mean  and  turbulent 
flow  characteristics  of  high-speed  high  Reynolds  number  turbulent  boundary  layer  flow  to 
further  understanding  and  predictability. 


A  comprehensive  experimental  program  that  uses  both  traditional  and  laser  diagnostic 
techniques  is  currently  being  performed.  To  provide  information  that  will  be  useful  to  a 
broad  range  of  applications  and  to  quantify  compressibility  effects,  three  high  Reynolds 
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number  flow  conditions  are  being  tested:  incompressible  (M  =  0.25),  compressible 
subsonic  (M  =  0.65),  and  supersonic  (M  =  2.8).  To  better  isolate  compressibility  effects, 
for  each  flow  condition,  the  Reynolds  number  is  matched  and  the  same  six  flow  models 
(described  in  the  next  paragraph)  are  being  tested. 

Five  rough  wall  models  and  a  smooth  wall  case,  for  comparison  purposes,  are  being 
tested  to  examine  roughness  height  and  blockage  effects.  The  roughened  wall  models 
consist  of  three  random  sand-grain  and  two  uniformly  distributed  roughness  topologies. 
The  2-D  distributed  roughness  model  has  rectangular  elements  (0.56  x  0.56-mm  )  that 
span  the  width  of  the  test  section  with  a  wavelength  of  2.18-mm.  The  3-D  distributed 
plate  has  cubic  pillars  (0.56  x  0.56  x  0.56-mm3)  also  with  a  wavelength  of  2.18-mm.  The 
surface  topology  of  each  model  was  accurately  (to  within  4.0%)  documented  with  a 
confocal  laser  scan  microscope.  All  of  the  roughness  elements  are  in  the  fully  rough 
regime.  The  topologies  coupled  with  the  detailed  experimental  data  will  prove  useful  for 
developing  and  validating  future  turbulence  models  including  LES  and  DNS  methods. 
Table  1  summarizes  the  topological  statistics  for  each  of  the  six  test  plates. 

Along  with  the  detailed  experimental  studies,  a  companion  numerical  investigation  is 
being  performed  primarily  to  quantify  the  strengths  and  weaknesses  of  current  turbulence 
models.  In-house  boundary  layer  and  parabolized  Navier-Stokes  solvers  with  a  variety  of 
popular  algebraic  models  are  being  used,  van  Driest  first  established  a  simple 
modification  of  his  near  wall  damping  function  for  rough-wall  flow.3  Since  then, 
numerous  other  formulae  based  on  the  mixing  length  method  followed.  The  two 
additional  models  investigated  here,  namely  those  of  Cebeci-Chang  and  Kragstad  ,  also 
involve  modifying  the  van  Driest  damping  function.  These  models  were  compared  to 
supersonic  experimental  data  acquired  in  this  study. 


Table  1:  Roughness  Parameters 

Model 

Mean  height 
(mm) 

Std.  Dev. 
(mm) 

Blockage 
(mm  /mm) 

Ks2  (pm) 

ks 

Smooth1 

0.007 

0.005 

0.00 

N/A 

N/A 

80  Grit 

0.53 

0.17 

0.53 

0.44 

104 

36  Grit 

0.90 

0.34 

0.90 

1.42 

395 

20  Grit 

0.83 

0.50 

0.82 

1.98 

572 

3D  Distrib. 

0.56 

0.024 

0.14 

0.91 

241 

2D  Distrib. 

0.56 

0.024 

0.56 

1.09 

289 

‘For  k  =  U.UU/mm,  K  =  i.i  taeroaynamiuauy  Miiuuuq. 

Equivalent  sand  grain  calculated  with  the  method  of  Schlichting1  for  the  Mach  2.8  data  plotted  with  van  Driest  scaling. 


Progress 

The  supersonic  experimental  and  numerical  work  was  finalized  this  year.  The  subsonic 
blow-down  facility  construction  was  completed  and  testing  has  begun.  Table  2  lists  the 
subsonic  tunnel  flow  conditions. 
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Table  2:  Subsonic  Test  Conditions 


JL  M  U 

Mach 

P  (MPa) 

T(K) 

Re/m  (xlO6) 

0.25 

0.21 

292 

23 

0.65 

0.21 

273 

23 

The  influence  of  roughness  on  a  long  list  of  important  flow  properties  has  been 
extensively  described  in  Ref.  [7-9].  Due  to  space  limitations,  those  detailed  discussions 
are  not  repeated  here.  A  brief  qualitative  overview  of  the  salient  findings,  which 
stemmed  from  an  assimilation  of  the  acquired  data,  was  described  in  the  1998  Abstract. 
Hence,  only  the  results  from  the  numerical  comparisons  are  highlighted  here.  A  detailed 
description  of  the  methods,  numerical  validation,  and  results  can  be  found  in  Fan  and 

Bowersox.6 


Shown  in  Fig.  la  are  the  velocity  profiles  for  all  six  plates  plotted  with  defect  law  [4-6] 
scaling.  The  collapsing  of  the  defect  law  profiles  was  the  expected  result  based  on  the 
low-speed  database  and  the  high-speed  data  (also  shown  on  Fig  la).  The  agreement 
between  the  present  predictions  and  the  experimental  data  was  considered  very  goo  . 
Representative  Law  of  the  Wall  plots  for  the  smooth  and  20  grit  plate  (roughest  plate), 
with  van  Driest  scaling,  are  shown  in  Fig.  lb.  The  predicted  profile  for  the  smooth  plate 
is  in  excellent  agreement  with  both  flat  plate  theory  and  the  experimental  data.  The 
predicted  velocity  profiles  agreed  very  well  with  the  experimental  data  in  the  outer 
region.  The  differences  between  the  three  models  became  more  significant  in  the  inner 
region  (y+  <  100).  However,  experimental  data  were  not  available  in  this  region  for 
comparison.  Representative  mean  density  profiles  are  shown  in  Fig.  lc.  For  the  smooth 
and  rough  plates,  the  calculations  were  all  in  good  agreement  with  experimental  data. 


Representative  turbulence  shear  stress  profiles  for  the  smooth  and  20  grit  plate, 
normalized  by  the  local  mean  velocity,  are  plotted  in  Fig.  2.  The  predicted  Reynolds 
shear  stresses  from  all  three  turbulence  models  for  all  six  plates  matched  the  LDV  data 
very  well,  demonstrating  that  the  Reynolds  shear  stress  was  well  modeled  by  each 
formulation.  As  was  the  case  for  the  experimental  data,  the  numerical  shear  stress 
profiles  in  the  outer  region  were  all  independent  of  the  roughness  Reynolds  number  for 
the  outer  scaling  used  in  Fig.  2.  For  the  roughest  case,  the  van  Driest  model  produced 
slightly  better  agreement  with  the  experimental  data,  when  compared  to  the  other  two. 


For  the  rough-wall  predictions,  each  of  the  three  models  performed  well  on  a  different 
integral  parameter.  For  example,  the  Kragstad  model  produced  the  teuton  faction 
coefficients,  which  were  still  less  than  the  experimental  data  by  nominally  6.0 /o.  The van 
Driest  model  produced  better  boundary  layer  thickness  predictions  (within  6.5 /o),  and  te 
Cebeci-Chang  formulation  produced  better  momentum  thickness  predictions  (within 
4.0%).  However,  the  differences  between  the  three  models  were  significant,  where  some 


predicted  quantities  were  25%  apart. 
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(a)  Defect  Law  Plot. 


(b)  Representative  Law  of  the  Wall  plots  (left:  smooth  plate,  right:  20  grit  plate). 


(c)  Representative  density  plots  (left:  smooth  plate,  right:  20  grit  plate). 
Fig.  1  Comparison  of  mean  flow  results  to  experimental  data  (Mach  2.8). 
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Fig.  2  Comparison  of  Reynolds  shear  stress  to  experimental  data  for  the  smooth 
(left)  and  20  grit  plates  (right). 

Future  Work 

The  future  plans  for  this  project  parallel  the  original  research  proposal.  The  subsonic 
experimental  testing  and  numerical  calculations  will  continue  through  2000.  Also  during 
1999,  the  supersonic  rough  wall  wall  shear  stresses  will  be  reaccomplished  using  direct 
measurement  floating  element  sensors. 

Personnel 

Rodney  Bowersox  is  the  lead  PI.  Student  support  has/is  provided  by  Capt.  Robert  M. 
Latin  (PhD  student,  completed  6/98),  Mr.  Huaiguo  Fan  (MS  student,  completed  9/98), 
and  Victor  Pritchett  (PhD  student,  in-progress). 
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AFIT/DS/ENY/98M-02,  March,  1998. 

Latin,  R.  and  Bowersox,  R.,  "Influence  of  Surface  Roughness  on  the  Mean  and  Turbulent 
Flow  Properties  of  Supersonic  Boundary  Layer,"  AIAA-99-1017,  AIAA  37l  Aerospace 
Sciences  Meeting,  Reno,  NV,  Jan.  1999.  In-review  AIAA  J. 
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Technology  Transitions  . 

This  work  is  closely  coordinated  with  the  AFRL/PRSS  high-speed  propulsion  effort 
(monitor:  Dr.  D.  Glawe).  In  addition,  this  work  is  directly  related  to  many  of  the  goals 
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listed  in  the  New  World  Vistas  [e.g.,  drag  reduction  and  improved  engine  efficiency 
(IHPTET)  for  hypersonic  missiles,  global  reach  aircraft  and  access  to  space]. 
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Abstract 

Two  methods  for  controlling  tip  leakage  flows  in  axial  compressors  are  discussed.  The 
first  method  reduces  the  effective  tip  gap  while  the  second  method  forces  enhanced 
mixing  of  the  tip  gap  shear  layer.  Preliminary  results  indicate  that  both  methods  work, 
but  further  measurements  and  exploration  of  the  large  parameter  space  need  to  be 
conducted  in  order  to  further  quantify  and  optimize  these  phenomena.  MEMS  devices  in 
support  of  the  program  have  also  been  developed  successfully. 


1  Program  Objectives 

The  objectives  of  the  research  program  are  to  demonstrate  effective  and  efficient  flow 
control  methods  to  alleviate  problems  associated  with  tip  leakage  flows  in  axial 
compressors.  Benefits  of  successful  control  include  improved  stage  performance  and 
efficiency  as  well  as  increased  stall  margin. 


2  Flow  Control  Strategies 

Two  approaches  are  being  investigated.  The  first  is  to  use  a  synthetic  jet,  located  on  the 
compressor  casing,  to  create  a  virtual  wall  and  to  reduce  the  leakage  flow  thiough  the  tip 
gap.  This  is  termed  a  “steady”  control  strategy  since  the  control  is  effected  through  a 
steady  modification  of  the  flow  field.  The  second  approach  is  an  unsteady  flow  control 
strategy,  in  which  the  leakage  jet  (which  has  the  characteristics  of  a  wall  jet)  is  foiced  at 
an  appropriate  frequency  and  amplitude  in  order  to  enhance  the  jet  spieading  and 
subsequent  fluid  mixing.  Both  of  these  approaches  are  illustrated  schematically  in  Figure 
1 ,  and  preliminary  results  are  presented  in  the  current  research  update. 
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Figure  1  Schematics  of  control  strategies.  The  left  panel  shows  the  “steady” 
control  in  which  the  effective  tip  gap  is  reduced  by  the  introduction  of  a  momentum 
source  at  the  casing  wall.  The  right  two  panels  shows  the  “unsteady”  control  in 
which  the  leakage  jet  is  forced  at  its  natural  frequency,  resulting  in  enhanced 
mixing,  and  thus  improved  pressure  recovery. 

3  Experimental  Results 

Two  experiments  have  been  designed  to  test  the  concept  and  particulars  of  active  control 
of  tip  leakage  flows.  The  first  is  a  very  simple  experiment  in  which  a  tip  flow  is 
generated  without  the  complication  of  the  axial  core  flow.  This  is  to  demonstrate  that 
control  of  the  tip  flow  can  be  achieved  and  to  assess  the 
effects  of  actuator  amplitude  and  frequency  as 
functions  of  the  tip  leakage  velocity  and  driving 
pressure.  The  second  experiment  is  a  more  complete  p|ow 
model  of  the  compressor  flow  and  consists  of  a  five-  'ntet 
bladed  cascade  experiment  with  a  variable  tip  > 
clearance. 

3. 1  Actuated  Tip  Flow  Experiment 

As  mentioned  above,  this  experiment  was  designed  to 
confirm  that  the  concept  of  active  flow  control  using 
actuators  is  indeed  valid  and  can  produce  a  significant 
effect  on  the  flow.  The  apparatus  consists  of  a  Figure  2.  Schematic  of 

pressurized  box  that  sits  on  above  the  actuator.  (Figure  experimental  setup  for 

2).  The  pressure  box  has  an  adjustable  faceplate  so  as  actuated  tip  flow.  Both  the 

to  allow  for  variation  in  the  height  of  the  gap,  which  gap  height  an(j  the  location 

simulates  the  tip  clearance  of  the  compressor  blade.  of  the  actuator  with  respect 

The  baseplate  sits  above  the  actuator,  which  in  this  case  j0  gap  can  ke  varied, 

is  a  large  compression  driver.  An  adjustable  gap 

provides  the  actuator  exit  orifice.  Flow  visualization  is  achieved  with  a  smoke  wand 
placed  inside  the  box,  which  then  bleeds  through  the  gap.  By  varying  the  box  pressure 
and  tip  gap,  one  can  control  the  velocity  and  mass  flow  through  the  gap.  In  addition,  the 
frequency  and  amplitude  of  the  actuator  can  be  varied  as  well  as  its  position  with  respect 
to  the  gap 
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Figure  3.  Photographs  of  tip  flow  visualized  using  smoke  particles.  The  left  frame 
shows  the  flow  paths  without  control.  The  right  frame  shows  the  flow  patterns  with 
the  actuator  aligned  with  the  leading  edge  of  the  tip  and  operating. 

Qualitative  visual  results  are  illustrated  in  Figure  3  which  shows  photographs  of  the  tip 
flow  before  and  during  the  use  of  actuation.  With  the  actuator  turned  off,  the  smoke 
flows  freely  from  left  to  right  through  the  gap,  and  the  tip  vortex  rollup  is  clearly  visible 
to  the  right  of  the  wall.  However,  upon  turning  on  the  actuator,  the  tip  flow  is  clearly 
blocked  and  very  little  smoke  leaks  through  the  tip.  By  varying  the  location  of  the 
actuator  relative  to  the  tip,  it  was  found  that  the  control  was  more  effective  when  the 
actuator  jet  was  situated  at  the  leading  edge  of  the  “blade”.  Behavior  based  on  varying 
other  parameters  was  as  expected.  A  reduction  in  the  amplitude  of  the  actuatoi  resulted 
in  a  lessened  effect  on  the  flow.  An  increase  in  flow  rate  or  a  decrease  in  the  gap  height, 
both  of  which  increased  the  flow  velocity  across  the  gap  (for  a  given  pressure  difference 
across  the  gap),  also  resulted  in  a  reduction  in  actuator  effectiveness.  Quantitative  data  is 
currently  being  obtained  using  hot  wire  measurements  to  map  out  the  reduction  of  mass 
flow  through  the  gap  as  functions  of  the  gap  dimensions  (height,  length)  and  the  actuator 
amplitude,  frequency,  geometric  design  and  placement  in  the  gap. 

3.2  Cascade  Wind  Tunnel  Experiment 

The  cascade  test  section  has  been  designed  and  has  been  fabricated  in  a  low-speed  wind 
tunnel  at  MIT.  The  cascade  consists  of  five  blades,  three  of  which  are  cantilevered  to 
provide  a  variable  tip  gap.  The  baseline  performance  (with  no  control)  shows  good 
agreement  with  similar  experiments,  indicating  a  loss  coefficient  that  increases  linearly 
with  increasing  tip  gap.  Three  actuators  are  placed  above  the  center  blade  located 
approximately  near  the  10,  30  and  50%  chord  locations.  The  actuators  aie  voice-coil 
driven  synthetic  jets.  The  resonant  frequency  of  the  devices  was  low  (around  50  Hz)  and 
they  were  operated  above  this  frequency,  but  below  the  Helmholz  frequency  of  the  cavity 
(about  1200  Hz).  Peak  actuator  velocities  ranging  from  10-40  m/s  were  typical, 
depending  on  the  voltage  and  frequency  of  operation. 
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The  control  experiments  were  performed  at  the 
relatively  low  Reynolds  number  of  0.8xl05. 

This  was  due  to  limitations  in  the  current 
actuator  operation.  The  total  pressure  loss 
coefficients  measured  for  two  cases  (actuator 
off  and  on)  at  3%C  downstream  of  the  trailing 
edge  of  the  blades  are  shown  in  Figure  4.  The 
tip  clearance  was  set  to  3%C.  Two  effects  of 
control  can  be  observed.  Firstly,  there  is  a  clear 
effect  on  the  tip  vortex  region  which  is  almost 
completely  eliminated  in  the  controlled  flow. 

However,  a  secondary  loss  region  is  observed 
away  from  the  wall  and  closer  to  the  blade.  The 
exact  nature  of  this  needs  to  be  determined 
using  full  measurements.  A  second,  less 
obvious,  effect  of  control  is  that  the  loss  in  the 
wake  of  the  blades  appears  to  be  reduced.  This 
is  probably  a  slightly  spurious  result  due  the 
low  Reynolds  number  of  the  test  in  which  case, 
the  forcing  “cleans  up”  the  two  dimensional 
wake  losses  which  might  be  due  to  a  low- 
Reynolds  number  separation.  This  effect  will 
also  be  examined  more  carefully  during  the 
coming  year. 

4  MEMS  Device  Development 

The  MEMS  component  of  the  program  is  not  intended  to  be  a  limiting  feature  of  the 
research,  but  rather  is  aimed  at  providing  sensors  and  actuators  that  can  be  used  in  the 
active  control  programs  outlined  above.  To  this  end,  the  program’s  efforts  have  focused 
on  the  development  of  shear  stress  and  temperature  sensors,  as  well  as  glow-discharge 
actuators.  The  shear  and  temperature  sensors  are  based  on  standard  thermal  sensor 
designs  that  utilize  the  temperature  coefficient  of  resistivity  of  a  sensor  metal,  in  this  case 
Platinum. 

The  goal  of  the  sensor  design  is  to  minimize  the  thermal  mass  of  the  sensor  to  maintain  a 
high  frequency  response.  This  requires  that  the  sensor  element  be  small  and  (more 
importantly)  that  the  sensor  be  thermally  isolated  from  the  substrate.  These  goals  are 
accomplished  by  depositing  the  Platinum  sensor  film  on  a  very  thin  (1500  A)  Silicon 
nitride  membrane  suspended  over  a  deep  (20  micron)  evacuated  cavity.  The  temperature 
sensors  are  effectively  the  same  sensors,  but  are  operated  in  a  four-point  manner  in  which 
a  small  current  (not  enough  for  Ohmic  heating)  is  passed  through  the  sensor  through  a 
first  set  of  leads.  The  voltage  drop  across  the  sensor  (which  will  vary  with  temperature) 
is  read  off  via  a  second  pair  of  leads. 


y/pitch 

Figure  4.  Contours  of  total  pressure 
loss  coefficient,  co  measured  in  axial 
plane  3%C  downstream  of  the 
cascade  exit.  Top:  with  actuator  off. 
Bottom:  actuator  on. 
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Figure  5.  Optical  micrograph,  showing  second-generation  shear-stress  and 
temperature  sensors.  The  thin  white  line  is  the  exposed  platinum  of  the  sensing 
resistor  exposed  by  etching  the  over-deposited  gold.  The  light  blue  circle  is  the 
1500A  nitride  membrane  covering  the  vacuum  cavity.  The  left  frame  shows  a  single 
sensor  while  the  center  frame  shows  an  array  of  three  two-dimensional  sensors,  each 
of  which  enable  a  directional  measurement  of  shear.  The  right  frame  shows  a 
temperature  sensor  with  a  four-wire  excitation  and  readout. 


In  testing,  the  sensors  show  excellent  performance  with  good  sensitivity  and  frequency 
response  (square-wave  response  test  was  limited  by  the  anemometer  circuitiy  which 
rolled  off  at  40  kHz).  Further  testing  is  planned  during  the  coming  year. 

4. 1  Glow  Discharge  Actuators 


Recent  developments  in  flow  actuators  have 
resulted  in  the  increased  interest  in  glow 
discharge  actuators  which  offer  the 
possibility  of  effective  actuation  through  the 
generation  of  an  RF  discharge.  The  chief 
attraction  of  such  devices  are  ease  of 
fabrication  and  that  they  have  no  moving 
parts.  Macroscopic  Glow  discharge  devices 
typically  require  very  high  voltages  (1000  - 
5000  V)  and  frequencies  in  the  1-5  kHz 
range.  These  voltages  are  not  very 
convenient  for  many  experiments  or 
applications,  and  it  is  thought  that  if  the 
dielectric  layer  can  be  reduced  in  thickness, 
then  similar  field  strengths  can  be  achieved 
with  lower  voltages,  albeit  at  higher 
frequencies.  With  this  in  mind,  a  first 


Figure  6:  Optical  Photograph  of 
second-generation  glow  discharge 
actuators.  The  interdigitated  fingers 
are  separated  by  a  transparent 
polyimide  layer,  1  micron  thick. 


generation  glow  discharge  actuator  was 
fabricated  using  a  Silicon  wafer  as  the 
ground  plane,  a  thin  (1  micron)  silicon  dioxide  film  as  the  dielectric  and  gold  film 
deposited  on  top  of  the  oxide  layer  as  the  drive  electrodes.  Moderate  voltages  were 
required  (200V)  to  operate  this  device,  but  the  insulating  layer  (silicon  oxide)  broke  down 
rather  quickly.  For  this  reason,  second  generation  device  have  been  fabricated  with  a 


more  robust  design  (shown  in  Figure  6).  The  new  design  has  two  layers  of  patterned 
electrodes,  separated  by  a  polyimide  layer.  These  devices  and  will  be  tested  in  the 
coming  months. 

5  Summary  of  Recent  Accomplishments 

In  the  past  period,  the  following  milestones  have  been  accomplished: 

•  Experimental 

•  Design  and  fabrication  of  experimental  facilities,  baseline  performance 
measurements 

•  Successful  preliminary  control  of  tip  vortex  flow  in  cascade 

•  Successful  demonstration  of  mass  flow  control  in  prototypical  tip  leakage  flow 

•  MEMS  Sensors 

•  Design  and  fabrication  of  second-generation  thermal  sensors 

•  Successful  testing  of  flow  sensors 

•  Benchtop  testing  of  first-generation  glow-discharge  actuators 

•  Design,  fabrication  of  second-generation  glow  discharge  actuators 

6  Goals  for  Coming  Year 

•  Experimental 

•  Parametric  characterization  of  tip  leakage  control 

•  Demonstration  of  effective  tip  leakage  control  in  prototype  and  cascade 
experiments 

•  Design  of  larger-scale  rotating  rig  experiment 

•  Design  of  control  system  needed  for  full-up  active  control 

•  MEMS  Sensor/Actuators 

•  Full  testing  of  Glow  discharge  actuators 

•  Integration  of  sensors/actuators  into  cascade/tip  leakage  experiment 
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Objectives 

The  primary  objectives  of  this  program  are  to  investigate  methods  for  real-time  feedback 
control  of  mixing  in  heated  jets  and  to  demonstrate  the  resulting  techniques  in  a 
laboratory  environment. 

Status  of  Effort 

Much  of  the  effort  in  this  investigation  concerns  the  choice  of  a  systems  model.  The 
model  must  be  of  sufficient  fidelity  that  the  essential  aspects  of  mixing  in  a  heated  jet  are 
captured  but  at  the  same  time  the  approach  must  be  simple  enough  that  the  calculations 
enable  a  real-time  capability.  The  reference  direct  simulation  calculations  provide  a 
check  on  simpler  approaches.  In  the  past  year  several  approaches  have  been  examined. 
Reduced  resolution  direct  simulations  at  low  Reynolds  numbers  have  shown  promise. 
Even  time-accurate  Reynolds  averaged  calculations  look  useful.  Among  the  more 
interesting  approaches  examined  include  the  use  of  discrete  vortex  methods  and  a  model 
based  on  eigenmodes  of  the  linear  equations  applied  to  an  evolution  equation  at  finite 
amplitude.  The  accomplishments  section  of  the  report  will  summarize  these  efforts. 

In  the  controller  design  effort,  we  have  finished  evaluation  of  candidate  techniques  and 
downselected  a  technique  for  laboratory  demonstration.  The  technique  we  selected  was 
proposed  by  Calise  at  Georgia  Institute  of  Technology,  and  uses  neural  networks  (NN)  to 
perform  system  identification  and  feedback  linearization.  The  data  for  system 
identification  are  being  generated  by  means  of  computational  fluid  dynamics  (CFD) 
simulation.  WIND  code,  which  is  the  Boeing  in-house  Navier-Stokes  solver  that  has 
been  released  into  the  public  domain  under  the  NPARC  Alliance,  has  been  employed  to 


25 


perform  the  simulation.  As  soon  as  the  controller  design  is  completed,  it  will  be 
implemented  into  the  scaled  nozzle  system,  and  the  performance  will  be  demonstrated. 


Accomplishments/New  Findings 

It  is  desirable  in  many  circumstances  to  enhance  mixing  in  the  exhaust  from  aircraft 
engines.  Applications  include  lift  enhancement,  signature  reduction,  and  temperature 
reduction  on  blown  flaps.  This  work  focuses  on  the  latter  case.  The  blown  flap  on  a  C- 
17  is  currently  made  out  of  titanium  to  avoid  melting.  If  mixing  can  be  significantly 
enhanced  so  that  the  plume  temperature  is  reduced,  the  flap  could  be  constructed  from 
aluminum,  a  much  lighter  and  less  expensive  alternative. 

Recently,  acutuators  have  been  developed  and  tested  on  a  full-scale  engine  which  have 
the  control  authority  to  accomplish  this  objective.  The  goal  of  this  work  is  to  optimize 
their  parameters  to  maximize  their  effectiveness.  This  is  being  undertaken  as  a  joint 
experimental,  numerical,  and  control  theory  effort. 

The  past  25  years  have  seen  many  examples  of  open-loop  control  of  the  flows  with 
significant  practical  importance.  During  the  same  time,  there  have  been  tremendous 
developments  in  the  area  of  closed-loop  feedback  control  strategies  for  linear  and 
nonlinear  systems.  It  has  been  seen  in  many  applications  that  coordination  of  control 
application  with  state  measurements  in  the  closed-loop  setting  is  essential  for  optimum 
system  performance.  Thus,  the  possibility  of  feedback  control  of  flow  systems  such  as 
turbulent  jets  should  be  carefully  examined.  However,  such  control  problems  also  pose 
technical  difficulties  as  turbulent  flow  systems  are  multi-scale  and  difficult  to  compute 
with  a  high  degree  of  fidelity.  Thus,  the  present  work  explores  the  development  of  low- 
order  system  models  for  use  in  the  feedback  control  framework  for  the  jet  control 
problem.  The  present  work  is  part  of  a  collaboration  involving  Georgia  Tech,  Stanford 
University,  UCLA,  and  The  Boeing  Company.  - 

1 ,  Simulation  based  efforts 

Simulations  were  used  in  two  different  ways  to  study  and  improve  jet  mixing  and  its 
control.  In  the  first,  a  direct  numerical  simulation  database  was  probed  to  examine  the 
relation  and  reliability  of  different  metrics  (or,  in  control  theory  terminology,  "cost 
functions")  for  mixing;  in  the  second,  relatively  inexpensive  simulations  were  used  in  a 
"proof-of-concept"  demonstration  to  evaluate  the  utility  of  evolution  strategies  for 
optimizing  jet  mixing  controls.  Both  efforts  are  ongoing,  with  particular  focus  on  the 
application  of  evolution  strategies  to  optimize  jet  actuation.  These  efforts  are 
summarized  in  this  section. 

To  provide  a  realistic  simulation  database  to  analyze,  large-scale  direct  numerical 
simulations  were  conducted  of  jets  forced  with  a  flapping  type  excitation  at  Strouhal 
numbers  of  0.2  and  0.4.  The  jet  Reynolds  numbers  was  3600,  which  might  seem  low  if 
compared  to  corresponding  experiments,  but  all  essential  aspects  of  the  experiments  were 
reproduced  in  these  simulations.  A  baseline,  unforced  case  was  also  simulated.  These 
databases  were  probed  to  evaluate  the  utility  of  metrics  for  mixing  that  might  be 
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incorporated  into  a  feedback  control  law.  Of  particular  interest  was  a  planar  integral  of 
jet  fluid  mixture  fraction  raised  to  the  fourth  power  as  might  be  measured  optically.  A 
comparison  between  an  instantaneous  profile,  a  one  forcing  period  average,  and  a  long¬ 
time  average  is  shown  in  Fig.  1 .  The  most  notable  result  is  that  the  long-time  and  single¬ 
period  averages  are  extremely  close,  which  indicates  that  the  one  period  average  gives  a 
reliable  measure  of  the  long-time  mean  of  a  periodically  forced  jet  in  a  measurement  time 
of  one  forcing  period.  This  result  is  not  at  all  obvious  given  the  apparent  chaotic 
behavior  of  the  jet  turbulence  (Fig.  2). 


Fig.  1.  Instantaneous  ( - ),  one  forcing  period  ( . ),  and  long  time  average 

( - )  of  integrated  over  planes  normal  to  the  jet  axis.  E,  is  the  jet  fluid  mixture 

fraction.  Also  shown  is  the  same  metric  for  an  unexcited  jet  (  -)• 


Fig.  2.  Turbulence  in  the  jet  forced  with  St  =  0.2  visualized  with  vorticity  magnitude. 

Our  second  approach  is  to  use  evolution  strategies  for  jet  mixing.  These  strategies  are 
based  on  the  basic  principles  of  evolution:  a  reproduction  cycle,  natural  selection  and 
diversity  of  variation.  They  are  robust  and  highly  parallel.  In  the  context  of  jet 
optimization,  an  individual  of  the  evolution  process  is  defined  as  a  vector  of  the  jet 
parameters  for  n  modes  of  excitation,  (St\,  A\,  <( )\;...;Stn,  A„,  4>«),  where  St  is  the  Strouhal 
number,  A  the  amplitude  of  the  actuation,  and  (j)  the  phase  relative  to  the  other  modes. 
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The  suitability  of  a  vector  of  parameters  for  jet  optimization  is  evaluated  with  a  metric  or 
fitness  function.  An  initial  population  of  vectors  is  subjected  to  repeated  mutation  and 
selection  until  a  sufficiently  good  individual  is  found. 

Low  Reynolds  number  simulations  were  used  to  test  the  applicability  of  evolution 
strategies  to  the  jet  control  problem.  Here  the  forcing  from  a  fluidic  actuator  (Fig.  3)  was 
optimized  for  maximum  excitation  of  the  jet.  These  particular  actuators  were  based  on 
those  used  in  experiments  and  on  full  scale  engines.  In  these  tests,  a  superposition  of 
three  harmonic  modes  constituted  the  blowing  from  the  actuators.  Each  of  these  modes 
had  an  amplitude  Ua,  a  phase  4>  (relative  to  the  other  modes),  and  a  Strouhal  number  StD 
that  were  varied  by  the  optimization  algorithm.  Initial  values  for  the  parameters  are 
shown  in  Table  1  and  an  instantaneous  picture  of  the  jet's  response  to  this  excitation  is 
given  in  Fig.  4(a).  The  jet  is  seen  to  be  perturbed,  but  there  is  little  gross  excitation  of  the 
large-scale  flapping  mode  that  has  been  found  to  be  effective  for  enhancing  mixing. 

After  200  iterations,  the  evolution  algorithm  arrived  at  parameters  that  did  excite  the  jet 
in  this  way  (Fig.  4b)  and  these  parameters  are  shown  in  Table  2.  It  is  interesting  that  the 
optimization  procedure  significantly  reduced  the  amplitude  of  two  of  the  signals  leaving 
only  a  single  high  amplitude  mode  with  Strouhal  number  of  approximately  0.2  forcing 
the  jet.  This  same  single  mode  was  discovered  by  ad  hoc  experimentation  to  be  very 
effective  at  exciting  the  jet  in  experiments  (D.  E.  Parekh  et  al.,  AIAA  96-0308,1996). 


Fig.  3.  Geometry  schematic  showing  the  jet  nozzle  (a)  and  the  actuators  (b). 


3  [  0.35  1  0.50  1  1.00 

Table  1:  Initial  forcing  parameters. 


Table  2:  Forcing  parameters  after  200  iterations. 
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For  this  application,  the  modeled  actuators  were  very  similar  to  those  implemented  in 
corresponding  experiments.  Given  the  success  of  these  simulations,  further  optimization 
will  be  carried  out  in  collaborative  experiments  which  have  the  advantage  that  many 
iterations  can  be  performed  in  a  short  period  of  time.  In  future  work  the  simulations  will 
be  used  to  optimize  the  actuators  themselves  and  work  proceeds  in  this  direction.  Such 
an  optimization  is  difficult  to  undertake  in  the  laboratory  because  it  is  impossible  to 
construct  a  single  device  that  generates  fluidic  actuation  with  a  completely  arbitrary 
blowing  profile,  frequency,  and  amplitude.  However,  such  a  general  actuator  is 
straightforward  to  implement  in  a  simulation.  The  only  constraint  placed  on  the  actuators 
will  be  that  they  are  realizable  in  hardware,  so,  once  they  are  optimized,  they  can  be  built, 
tested,  and  applied. 

Evolutionary  optimization  techniques  are  robust,  but  they  require  large  numbers  of 
iterations  in  order  to  achieve  the  optimization  goal.  In  order  to  minimize  the 
computational  cost  required  for  each  optimization  cycle,  Direct  Numerical  Simulations  of 
an  incompressible  jet  at  a  Reynolds  number  1200  have  been  performed.  This  allowed  us 
to  further  enhance  the  type  and  parameters  of  the  evolution  strategy  and  analyze  the 
metric  for  the  optimization.  The  jet  has  been  perturbed  by  modifying  the  initial  velocity 
profile.  In  order  to  reduce  the  computational  cost,  the  DNS  has  been  performed  on  a 
rather  coarse  grid,  and  a  fitness  function  has  been  chosen  which  allows  estimation  of  the 
long-term  response  of  the  jet  from  the  early  stages  of  the  simulation.  One  possible  choice 
is  based  on  the  volume  integral  of  the  squared  radial  velocity,  which  is  a  measure  for  the 
spreading  of  the  jet  and  hence  a  suitable  metric  for  turbulent  mixing.  The  integral  has 
been  calculated  within  the  subdomain  between  5  and  10  jet  diameters  from  the  nozzle.  It 
is  necessary  to  investigate  how  the  fitness  value  changes  as  a  function  of  the  time  in  the 
DNS.  Fig.  4  shows  the  integrated  radial  velocity  as  a  function  of  time  for  different 
Strouhal  numbers.  While  a  definite  decision  about  the  best  solution  is  only  possible  at 
large  times,  an  estimate  of  the  Strouhal  numbers  that  lead  to  large  spreading  angles  of  the 
jet  can  already  be  made  at  1 .8,  and  the  fitness  value  has  been  determined  at  that  time. 
The  optimization  identified  StD=$22  as  one  effective  control  mechanism,  which 
corresponds  to  an  actuation  at  almost  the  same  frequency  as  that  shown  in  Table  2.  For 
this  excitation  large  jet  spreading  angles  are  observed.  Another  suitable  excitation  is 
achieved  for  approximately  the  double  frequency  Sto  =0.45. 


Fig.  4.  Jet  mixture  fraction  for  the  first  guess  parameters  (a)  and  after  the  best  case 
parameters  after  200  iterations  (b). 
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If  we  choose  as  a  fitness  function  the  integrated  value  of  the  radial  velocity  over  the 
whole  computational  domain  (0  to  10  diameters  from  the  orifice),  the  best  solution  is 
found  for  another  Strouhal  number,  Sto  =0.38  (see  Fig.  5).  Since  the  best  solution 
depends  on  the  fitness  function  that  is  chosen  for  optimization,  it  must  be  chosen  and 
tested  carefully  for  each  application.  An  instantaneous  picture  of  the  flapping  jet, 
obtained  for  StD  =0.38  and  amplitude  UJUj  =0.05,  is  shown  in  Fig.  6.  For  comparison, 
the  vorticity  magnitude  of  the  compressible  jet  at  Stp  =0.2  is  shown  in  Fig.  2.  A  passive 
scalar  has  been  used  to  visualize  the  spreading  of  the  jet.  The  amount  of  spreading  is 
very  large  when  compared  with  the  small  amplitude  of  the  actuation.  Present  efforts  are 
directed  toward  the  improvement  of  the  convergence  rate  of  the  evolution  strategies  and 
the  incorporation  of  a  penalty  for  large  amplitudes  of  actuation  in  the  fitness  function. 
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Fig.  5.  Fitness  value  as  a  function  of  time  for  different  Strouhal  numbers. 


Fig.  6.  Contours  of  the  passive  scalar  field  in  the  0  =  7t/2  and  0=0  plane  for  an 
incompressible  Reynolds  number  1200  jet  excited  at  Strouhal  number  0.38. 
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2.  Vortex  model  of  bifurcating  and  blooming  jets 

We  model  a  circular  jet  by  the  combination  of  discrete  vortex  filaments  and  a  semi¬ 
infinite  cylindrical  sheet  of  vorticity.  The  cylindrical  sheet  models  the  nozzle  source  flow 
whereas  the  ring  filaments  model  the  vortex  rings  generated  by  the  axial  excitation  of  the 
shear  layer.  The  interaction  of  the  vortex  sheet  with  the  filaments  is  assumed  to  be  such 
that  the  sheet  influences  the  motion  of  the  filaments  but  the  filaments  do  not  influence  the 
sheet.  The  Strouhal  number  sets  the  time  between  creation  of  new  ring  filaments  at  the 
origin.  This  model  can  simulate  the  experimental  observations  as  shown  in  Figs.  7  and  8. 

For  the  optimization,  several  metrics  for  jet  spreading  angle  were  considered,  including 
the  average  radial  displacement  of  the  vortex  elements,  jet  spreading  angle,  and  ring 
trajectory  angles.  We  also  considered  amplitude  normalized  formulations  of  these 
metrics  to  account  for  the  cost  of  excitation.  The  metrics  were  evaluated  over  a  broad 
range  of  test  cases  to  check  if  they  would  be  robust  enough  to  provide  the  proper  relative 
rating  over  the  parameter  space  considered.  Some  metrics  are  artificially  biased  by  the 
initial  displacement  of  the  rings  or  by  normalization  with  very  small  excitation 
amplitudes.  One  metric  that  is  both  simple  and  effective  for  this  simulation  is  the  average 
angle  of  the  nominal  ring  trajectories.  For  each  case,  this  metric  is  evaluated  after  the 
same  number  of  periods  (typically,  eleven)  of  axial  excitation.  The  nominal  ring 
trajectory  angle,  0 ,  is  defined  as  the  angle  between  the  jet  centerline  and  the  line  that 
connects  the  center  of  the  jet  exit  to  the  centroid  of  the  vortex  ring  nodes. 


Starting  with  an  initial  guess  for  each  of  these  parameters  and  constraints  on  the  range  of 
values  allowable  for  each  parameter,  the  genetic  algorithm  searches  the  range  of  values 
allowable  for  each  parameter,  the  genetic  algorithm  searches  to  optimize  jet  spreading. 
The  scope  of  this  work  did  not  allow  for  an  exhaustive  investigation  of  the  parameter 
space  and  convergence  characteristics,  but  even  these  preliminary  simulations  yielded 
promising  results.  With  all  four  parameters  varied  simultaneously,  the  genetic  algorithm 
selects  a  blooming  jet  similar  to  what  has  been  observed  in  experiments. 


Figure  7  Blooming  jets:  Experiments  Figure  8  Blooming  Jets:  Simulations 

of  Lee  and  Reynolds  (1985)  /?  =  1.7 ,An  =0.05 ,Sta  =0.55 


p  =  \.l,An  =  0.04  ,Sta  =  0.46,  Re  =  4300. 
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Initially  we  expected  the  algorithm  to  select  a  bifurcating  jet  similar  to  Fig.  8  with  values 
St  and  Ah  that  maximize  the  spreading  angle.  Instead,  a  unique  jet  flow  (Figs.  9and  10) 
was  found  that  had  never  been  observed  in  previous  experiments  or  calculations.  This  jet 
flow  initially  resembles  a  bifurcating  jet.  Several  diameters  downstream,  however,  the 
two  branches  of  the  jet  exhibit  a  secondary  bifurcation  in  which  the  rings  change 
direction  along  a  path  with  an  azimuthal  angle  about  tt/4  different  from  their  original 
trajectory.  This  results  in  a  wide  spreading  angle  as  seen  in  Fig.  10. 


. . . so 
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Figure  9  Hybrid  bifurcating  jet  with 
Sta  -  0.28,  Av  =  0.63,/?  =  2,  and 
(j)  =  0  (side  view). 
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Figure  10  End  view.  Each  ring's  32  nodes 
are  plotted  as  solid  circle. 


These  preliminary  results  from  the  application  of  evolution  strategies  to  the  problem  of 
flow  control  suggest  that  stochastic  optimization  can  be  a  valuable  tool  that  can 
complement  physical  understanding  and  deterministic  optimization  techniques. 


3.  Simplified  systems  models 

To  design  feedback  control  algorithms,  it  is  very  useful  to  have  a  simple  model  that 
accurately  captures  the  relevant  physics  of  the  phenomena  under  consideration.  Such  a 
model,  which  should  have  sufficient  simplicity  to  enable  real-time  state  estimation,  is 
developed  in  the  present  work  using  linear  stability  theory  to  model  the  initial 
development  of  the  instabilities  leading  to  the  turbulent  breakdown  of  a  jet.  Direct 
numerical  simulations  of  turbulent  jets  carried  out  by  Freund  et  al.  (1998)  will  be  used  as 
validation  for  these  models;  when  performed  properly,  such  simulations  can  capture  the 
relevant  flow  physics  "exactly",  albeit  at  a  very  large  computational  expense. 
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System  identification  techniques  may  also  be  used  (instead  of  linear  stability  theory)  to 
develop  input-output  system  models  of  jets  for  use  in  the  feedback  control  setting,  as 
explored  by  Ikeda  (1998).  Such  models  may  be  constructed  without  any  reference  to  the 
equations  which  govern  or  approximate  the  flow  physics.  The  present  work  is  an 
intermediate-level  approach  that  uses  inviscid  linear  stability  theory  to  approximate  the 
jet  system.  A  key  feature  of  the  present  work  is  a  piecewise  quadratic  approximation  of 
the  mean  flow  that  permits  rapid  solution  of  the  equations.  The  authors  acknowledge  the 
careful  work  of  Pal  (1998)  in  deriving  the  stability  equations  used. 

The  formulation  of  Viswanathan  and  Morris  (1992)  was  implemented  using  the 
piecewise  quadratic  stability  formulation  for  obtaining  the  eigenvalues.  An  example  of 
the  predicted  evolution  of  the  shear  layer  edges  using  only  the  n=0  axisymmetric 
disturbance  is  shown  in  Fig.  1 1.  Figure  12  shows  the  locally  dominant  wavenumber 
versus  downstream  distance  in  jet  radii.  It  is  assumed  that,  when  a  distrubances  saturates 
(due  to  the  thickening  of  the  shear  layer),  the  sub-harmonic  will  become  dominant  and 
evolve  until  saturation,  and  so  on.  The  results  shown  in  Figs.  1 1  and  12  are  for  an  initial 
shear  layer  thickness  of  1%  of  the  jet  radius. 

Systems  modeling  for  control  of  jet  flow* 
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Figure  1 1  Inner  and  outer  shear  layer  edges.  Figure  12  Locally  dominant  instability 

wave  number 

An  approximate  analytic  solution  to  the  appropriate  incompressible  linear  stability 
problem,  and  the  role  of  this  solution  in  the  evolution  of  the  round  jet,  has  been 
investigated.  When  fully  implemented,  such  a  formulation  may  model  the  physical 
behavior  of  the  jet  with  sufficient  accuracy  to  be  used  as  a  state  model  in  a  feedback 
control  setting.  Once  programmed  in  an  efficient  manner,  the  computational  expense  of 
this  model  should  be  manageable.  The  use  of  such  a  model  as  a  state  estimator  in  a 
feedback  control  framework  thus  appears  promising  though  the  "real"  problem  prediction 
must  include  at  least  the  n=+/-l  modes  in  addition  to  the  n=0  mode  given  here.  In  the 
case  of  a  thin  shear  layer,  the  n=+/-l  modes  grow  similarly  to  the  n=0.  However,  the 
solution  for  n=+/-l  is  required  as  the  shear  layer  thickness  becomes  significant  relative  to 
the  jet  radius.  For  the  mixing  problem  it  is  likely  that  the  solution  near  the  end  of  the 
potential  core  will  need  to  be  calculated.  A  transformation  analogous  to  the  Squire 
reformulation  (of  the  three-dimensional  planar  stability  problem  into  an  equivalent  two- 
dimensional  problem  in  the  transformed  variables)  will  be  pursued  in  the  round  jet 
problem. 
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Controller  Design  for  Real-Time  Feedback  Control 

We  have  selected  a  technique  viable  for  real-time  control  for  nonlinear  flow  systems. 
The  technique  uses  neural  networks  to  perform  inverted  system  identification  and 
feedback  linearization.  The  system  identification  is  done  by  off-line  neural  networks 
while  the  feedback  linearization  is  done  by  on-line  neural  networks. 

A.  System  Identification  -  We  consider  a  system  depicted  in  Fig.  3  The  system  input 
consists  of  a  paired  pulsed  jets  which  excite  the  jet  coming  out  of  the  nozzle,  and  the 
system  output  consists  of  the  spatially  averaged  downstream  temperature. 

Let  the  system  be  described  by  T  =  f(T,A,co)  where  T,  A,  and  co  respectively 
denote  the  temperature,  excitation  amplitude,  and  excitation  frequency.  Assuming 
that  exists,  if  we  let  u  =/ (T,  A,  co),  then  [A,  co]T  =  g  (T,  u)  =f~^(T,  u ).  By 

Taylor  series  expansion,  it  follows  that  A  =  ^wAi  -u'  and  co  =  ^/we>,  -u‘  where 

/  * 

wAi  and  wmi  are  weights  to  be  determined  by  applying  off-line  neural  networks  to 
CFD  data. 

B.  Feedback  Linearization  —  Due  to  the  model  inversion  error,  the  actual  system  may 

have  an  error  term  A  such  that  T  =  u  +  A  (T,  u)  where 

A  A  A  A 

A (T,  u)  =  f  (T,  A,co)~  f  (T,  A, co) ,  and  A  and  co  are  estimated  excitation  amplitude  and 
frequency,  respectively.  By  setting  the  control  system  configuration  as  shown  in 
Fig.  13,  we  have  an  equation  for  the  tracking  error  E  =  Tcmcj  -  T  such  that 

E  =  -K  •  E  +  v  -  A (T,  u) .  Our  goal  here  is  to  determine  v  such  that  v  cancels  the  error 
A (T  ,u),  and  to  derive  the  error  states  to  zero  asymptotically.  Calise  showed  that  this 
can  be  done  by  assuming  the  existence  of  v  which  cancels  the  modeling  error  A,  and 
that  the  weights  wi  in  v  =  Vw,  •  /?,  (T,  u)  can  be  determined  by  applying  Lyapunov 

i 

stability  theory,  which  results  in  Wi  ~—y  •  E •  K ,  where  (T ,u)  and 

y  denote  radial  basis  functions  and  learning  rate,  respectively. 


Fig  13.  Adaptive  Control  Mechanism 
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Objectives 

Turbine  blade  cooling  is  crucial  to  protecting  metal  surfaces  from  hostile  thermal 
environments  and  achieving  a  higher  engine  thermal  efficiency.  The  application  of 
micro/miniature  heat  pipes  in  turbine  blades  has  been  proposed  for  the  reduction  of 
turbine  blade  temperature.  The  heat  pipe  is  considered  to  be  an  advanced  technique  that 
could  push  the  turbine  inlet  temperature  to  a  higher  level.  The  main  objective  of  this 
research  project  is  to  study  the  fundamental  transport  phenomena  of  radially  rotating 
miniature  heat  pipes  under  turbine  cooling  conditions.  The  research  results  can  be  used 
for  the  design  and  fabrication  of  miniature  heat  pipes  in  turbine  blades.  The  knowledge 
gained  in  this  study  can  also  be  used  for  employing  miniature  heat  pipes  in  other  engine 
components  such  as  turbine  disks. 

Status  of  Effort 

•  A  data  acquisition/power  supply  system  for  the  rotating  experimental  apparatus  was 
established.  The  rotating  experimental  apparatus  with  the  data  acquisition  and  power 
supply  system  can  work  successfully  under  designed  working  conditions  and 
extensive  experimental  data  have  been  taken  using  this  system  with  a  good  accuracy. 

•  Two  high-temperature  miniature  heat  pipes  were  filled  with  a  small  amount  of 
sodium  as  the  working  fluid.  The  heater  used  to  supply  the  heat  to  the  evaporator  of 
the  heat  pipe  was  successfully  fabricated.  All  experimental  tests  have  been 
successfully  completed. 

•  A  set  of  closed-form  analytical  solutions  for  the  temperature  distribution  along  the 
heat  pipe  length  was  derived.  Experiments  for  the  heat  pipe  startup,  steady  state 
operation,  and  effects  of  various  parameters  on  the  heat  pipe  performance  were 
conducted.  The  comparisons  were  made  between  the  experimental  data  and  closed- 
form  analytical  solutions  with  good  agreement.  The  research  project  under  the 
contract  AFOSR-F49620-96-1-0315  has  been  successfully  completed.  The  research 
results  prove  that  the  radially  rotating  miniature  heat  pipe  has  a  very  large  heat 
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transfer  capability  and  a  very  high  effective  thermal  conductance.  At  the  same  time, 
the  heat  pipe  structure  is  simple  and  its  manufacturing  cost  is  low.  It  can  also 
withstand  strong  vibrations  and  work  in  a  high-temperature  environment.  Therefore, 
the  combination  of  the  traditional  air-cooling  technology  with  the  radially  rotating 
miniature  heat  pipe  is  a  feasible  and  effective  cooling  means  for  high-temperature 
turbine  blades. 


Accomplishments 


1.  Construction  of  the  data  acquisition  and  power  supply  system  for  the 
experimental  apparatus.  The  apparatus  with  the  data  acquisition  and  power  supply 
system  was  completed  and  is  schematically  shown  in  Fig.  1.  The  apparatus  can 
operate  at  revolutions  up  to  3,600  rpm.  The  maximum  working  temperature  of  the 
miniature  heat  pipe  was  900  °C.  The  electrical  power  input  to  the  heater  was  adjusted 
using  a  transformer  from  0  to  110  V.  All  experimental  data,  such  as  heat  inputs  and 
temperatures  at  various  locations  of  the  heat  pipe,  were  scanned  and  recorded  by  the 
data  acquisition  system  and  saved  in  a  computer  subsequently. 

2.  Fill  of  high-temperature  heat  pipes.  Two  stainless-steel  miniature  heat  pipes  had 
been  filled  with  a  small  amount  of  sodium  as  the  working  fluid.  One  heat  pipe  has  a 
diameter  of  1.5  mm  and  approximately  0.06  g  of  sodium  charge,  and  the  other  has  a 
diameter  of  2  mm  and  approximately  0.08  g  of  sodium  charge.  The  heat  pipes  are 
schematically  shown  in  Fig:  2.  Tests  on  these  two  heat  pipes  have  been  completed  on 
the  constructed  experimental  apparatus  as  shown  in  Fig.  1. 


3.  Closed-form  analytical  solutions  and  comparisons  with  experimental  data.  Based 
on  the  assumption  of  one-dimensional  laminar  and  incompressible  vapor  flow  under  a 
steady-state  operating  condition  and  employing  force  and  energy  balances  over 
differential  control  volumes,  a  closed-form  analytical  solution  for  the  vapor 
temperature  distribution  along  the  heat  pipe  length  was  derived: 
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The  above  analytical  solution  excludes  the  diffusion  effects  of  non-condensable  gases  and 
only  the  friction  and  centrifugal  force  effects  are  taken  into  account.  After  incorporating 
the  diffusion  effects  of  non-condensable  gases,  a  more  general  closed-form  analytical 
solution  for  the  vapor  temperature  distributions  along  the  heat  pipe  length  was  found: 


Evaporator  section : 
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Condenser  section : 

Tv,  =  TVtL  -TLc+Ts+a- ATV  +  A +  AT;,, 

f  ArV;Z  -  ATr  +  Tv  L  -  c[exp(m(2Lc  -  z))  -  exp (mz)\ 
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Tv,  -TL+Ts+a- A Tv  +  a[exp(mz) - 1]  0 <z<Lc 


Some  representative  experimental  results  for  the  temperature  distributions  along  the  heat 
pipe  length  are  presented  in  Figs.  3-6,  along  with  some  comparisons  with  the  analytical 
solutions.  Fig.  3  illustrates  typical  temperature  distributions  during  the  heat  pipe  startup. 
The  startup  behavior  of  the  current  rotating  heat  pipe  is  frontal  in  nature  with  a  sharp  drop 
off  in  temperature  across  the  vapor  front  and  no  pressure  recovery  in  the  condenser.  Fig.  4 
shows  the  comparisons  between  the  temperature  distributions  along  the  heat  pipe  length 
and  those  along  a  heat  pipe  container  (the  heat  pipe  shells  without  charging  any  working 
fluid)  with  the  same  flow  rate  of  cooling  air,  dimensionless  centrifugal  forces,  and 
geometrical  dimensions.  The  effective  heat  conductance  of  the  heat  pipes  is  60-100  times 
higher  than  the  thermal  conductivity  of  copper  or  about  1,000-1,700  times  higher  than 
that  of  the  stainless  steel  used  as  the  shell  in  the  current  study.  These  comparisons  from 
Fig.  4  prove  that  radially  rotating  miniature  high-temperature  heat  pipes  can  work  very 
effectively  and  reliably.  Their  heat  transfer  capacities  are  much  higher  than  any  metals 
available.  Because  the  condenser  end  was  mounted  onto  the  outer  cylinder  of  the  high¬ 
speed  rotating  test  apparatus  with  a  screw  thread,  a  large  extra  heat  sink  was  thus  formed 
at  the  condenser  end,  and  some  heat  from  the  condenser  end  was  directly  transferred  into 
this  heat  sink.  As  a  result,  the  heat  pipe  temperature  near  the  condenser  end  was  forced  to 
stay  at  a  low  level.  Without  this  heat  sink,  the  effective  conductance  of  the  heat  pipes 
could  be  much  higher.  Fig.  5  shows  the  steady-state  temperature  distributions  along  the 
heat  pipe  length  with  different  heat  inputs  for  both  heat  pipes.  In  Eq.  (1),  the  temperature 
drops  along  the  heat  pipe  length  are  caused  only  by  the  friction  and  centrifugal  force  of 
the  vapor  flow.  Therefore,  the  temperature  drops  along  the  dimensionless  heat  pipe  length 
are  very  small,  and  the  temperature  distributions  are  nearly  straight  lines,  as  shown  in  Fig. 
6.  Eqs.  (2)  and  (3)  give  the  temperature  distributions  along  the  dimensionless  heat  pipe 
length  with  a  flat  front  of  vapor-gas  interface  when  a  portion  of  the  condenser  length,  Lc  „ 
=  4  mm,  is  occupied  by  non-condensable  gases.  Comparing  the  closed-form  analytical 
solutions  with  the  experimental  data  in  Fig.  6,  it  is  evident  that  the  closed-form  analytical 
solutions  from  Eqs.  (2)  and  (3)  are  more  realistic  than  the  analytical  solutions  from  Eq. 
(1)  and  are  closer  to  the  experimental  results.  Due  to  the  existence  of  the  heat  sink  at  the 
condenser  end,  however,  a  relatively  large  deviation  from  the  experimental  data  occurs 
close  to  the  condenser  end.  The  theoretical  and  experimental  studies  have  proven  that  the 
radially  rotating  miniature  heat  pipe  studied  in  this  research  project  is  a  feasible  and 
effective  cooling  means  for  high-temperature  turbine  blades. 
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Transitions 

The  principal  investigator  is  currently  working  with  Turbine  Engine  Division,  Air  Force 
Research  Laboratory  for  turbine  disk  cooling  employing  rotating  heat  pipes.  The 
fundamental  knowledge  gained  under  the  present  program  from  AFOSR  regarding  the 
operating  characteristics  of  the  rotating  heat  pipe  is  being  used  for  the  disk  cooling 
problem  at  Wright-Patterson  AFB. 
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High-Speed  Rotating  Test  Apparatus 


Heat  Pipe 


AD  Inverter 

Fig.'l  Schematic  of  a  high-speed  rotating  test  apparatus  with  a  data  acquisition  and  power 
supply  system. 
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Fig.  2  Configuration,  of  a  designed  sodium  heat  pipe 
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Dimensionless  heat  pipe  length,  zJL 
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Fig.  3  Axial  temperature  distributions  with  diffuse  effects  of 
non-condensable  gases  during  the  heat  pipe  startup  process 

( orZa! g  =470,  di .=1.5  mm,  0=176  W). 


Fig.  5  Axial  temperature  distributions  with 
different  heat  inputs  {ccrZa!  g  =470, 
ri,  =1.5  mm,  W=6.7x  1 0 /rz 3  / s). 


-Q=280  W,  di=2 
mm,  Heat  Pipe 

-0250  W,  di=t  .5 
mm,  Heat  Pipe 
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Fig.  4  Comparisons  of  the  temperature  distributions  between 
the  heat  pipes  and  heat  pipe  containers  (ojlZal g  =470,  and 
W=6. 7xicr3  m3/s). 


Fig.  6  Comparisons  of  the  analytical  solutions 
and  experimental  results  for  the  temperature 

distributions  (LCJt  =  4  mm,  colZa! g  =  188 1^ 

4=2  mm,  Q=275  W). 
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This  is  a  three-year,  multidisciplinary  effort  to  investigate  the  application  of  MEMS  to  the 
control  of  low  Reynolds  number  flows  about  Micro  Air  Vehicles  (MAVs).  The  specific 
goals  of  this  investigation  are  to  develop  a  quantitative  and  qualitative  understanding  of 
microelectromechanical  systems  (MEMS)  based  sensor  and  actuator  interactions  with  low 
Reynolds  number  flows  found  on  MAVs,  resulting  in  improved  aerodynamic  performance 
and  mechanisms  for  active  and  passive  flight  control. 


Approach 

A  dominant  aerodynamic  feature  of  MAVs  is  the  lower  lift-to-drag  ratio  and  much 
reduced  stall  margin,  which  leads  to  a  precipitous  decline  in  aerodynamic  efficiency  as 
Reynolds  number  is  lowered.  The  amplification  of  small-scale  MEMS  control  inputs  into 
large-scale  effects  via  fluid  dynamic  instability  and  growth  mechanism  are  being 
investigated.  Figure  1  shows  a  low  Reynolds  number  (Re  <  100,000),  laminar  separation 
followed  by  transition  of  the  separated  shear  layer  and  reattachment.  Mild  actuation  of  the 
boundary  layer  near  the  separation  location  is  expected  to  trigger  a  quicker  transition  of 
the  separated  shear  layer,  providing  a  mechanism  for  control  of  the  reattachment  location. 
We  are  also  considering  MEMS 


induced  and  controlled  vortical 
structures,  originating  with 
small  perturbations  at  the 
leading  edge  of  the  MAV  wing 
to  enhance  the  lift.  A  third 
possible  mechanism  is  to  utilize 
flexible  membrane  wing  panels 
as  an  additional  amplification 
mechanism  for  the  MEMS 
actuation.  While  Figure  1 
describes  our  ultimate  goal  for 
an  improved  MAV  airfoil, 
simpler  geometries  are  being 


MEMS 


blowing 

Figure  1 . 
strategies 


Illustration  of  actuation  and  sensing 
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employed  to  study  the  fluid/MEMS  interactions  from  both  a  fundamental  fluid  dynamics 
perspective  and  from  a  control  theory  viewpoint.  Our  test  configuration  is  shown  in 
Figure  2.  This  configuration  consists  of  a  "macro"  scale  vibrating  piezo  flap  for  actuation 
and  a  MEMS  based  shear  sensor  array  for  reattachment  detection.  As  discussed  below, 


we  are  using  this  configuration  to 
quantify  the  MEMS  actuation 
requirements,  to  develop  our 
MEMS  sensing  capabilities  and 

to  provide  a  test  case  for  .  ~  ...  „ 

development  of  model  based  and  F‘*“re  2.  Test  Geometry  for  quant.tat.ve 

neural  network  control  strategies  determ, nat, on  of  actual, on  requuements. 

for  the  non-linear  system. 


Progress 

Results  for  several  aspects  of  this 
project  have  been  reported  in  the 
literature  and  will  only  be  summarized 
here  for  brevity.  Our  computational 
algorithms  were  checked  against 
experimental  results  and  shown  to 
yield  sufficient  accuracy.1  The  CFD 
results  were  then  used  to  develop 
neural  network  control.  Using  radial 
basis  functions,  we  have  successfully 
trained  neural  networks  to  map  the 
flow  characteristics  (i.e.,  Cl/Cd  as  a 
function  of  angle  of  attack  and 
Reynolds  number)  for  viscous  flow 
around  a  two  dimensional  airfoil.2 
Building  on  the  success  of  these 
studies,  inverse  plant  models  based  on 
neural  network  mappings  are  being 
developed  and  will  be  used  in 
feedforward  compensators.  The  impact  of  leading  edge  blowing  on  the  low  Reynolds 
number  flow  field  was  also  investigated  numerically.3  These  computational  techniques  are 
currently  being  applied  to  the  test  geometry  of  Figure  2  as  a  complement  to  the 
experimental  results  presented  below. 

Our  main  experimental  investigation  for  this  reporting  period  has  made  use  of  the  test 
geometry  in  Figure  2.  An  elliptical  leading  edge  profile  was  used  to  ensure  the  laminar 
boundary  layer  remains  attached  until  separation  at  the  at  the  trailing  edge  of  the  piezo 
flap.  The  piezo  flap  actuator  was  built  by  High  Technology  Inc.  The  current  design  was 
based  on  a  similar  design  by  Dr.  Louis  Cattafesta.4  A  linear  array  of  MEMS  shear  sensors 
is  being  used  to  detect  the  reattachment  location  on  the  upper  surface.  Figure  3  shows  a 
SEM  image  of  a  single  shear  stress  sensor  that  was  fabricated  using  a  wafer  bond/etch- 
back  process  at  MIT.  The  sensing  element  is  a  platinum  thin  film  deposited  on  a  1500A- 


Figure  3.  SEM  image  of  MEMS  shear  sensing 
element. 


44 


thick  silicon  nitride  diaphragm  over  a  lOpm-deep  sealed  vacuum  cavity.  The  sensor  is 
packaged  on  a  milled  printed  circuit  board  flush  mounted  on  the  surface  of  the  airfoil. 

A  series  of  preliminary  experiments  with  a  low  speed  impinging  jet  verified  the  operation 
of  the  shear  sensor  array.  Before  useful  measurements  on  the  current  test  geometry  can 
be  performed,  we  deemed  it  necessary  to  obtain  a  detailed  characterization  of  the  shear 
sensor  array.5  Multiple  resistance  vs.  temperature  experiments  have  been  performed  to 
determine  Temperature  Coefficient  of  Resistance  (TCR)  for  platinum  thin  film  sensing 
element  of  the  shear  stress  sensor.  The  results  indicated  a  TCR  =  .0027  °C'1  with  2.7% 
nonlinearity  in  resistance  over  a  range  of  25-300  C.  Extensive  current-voltage  testing  of 
multiple  sensors  has  been  performed.  Coupled  with  the  experimentally  determined  TCR, 
the  Sensor  Overheat  can  be  determined  for  any  electrical  biasing  conditions.  Mean  shear 
calibrations  in  constant  current  (CC)  mode  have  been  performed  at  overheats  of  .4,  .6,  .8, 
and  1  in  laminar  flow  for  shears  up  to  .08  Pa  and  in  turbulent  flow  for  shears  of .  1 5  -  2  Pa. 
Details  of  the  characterization  will  be  presented  at  the  upcoming  Aerospace  Sciences 
Meeting.5  The  sensor  array  is  currently  being  reinstalled  in  the  airfoil  upper  surface  for  a 
new  series  of  experiments. 

Concurrently  with  the  shear  sensor  characterization,  a  series  of  flow  field  measurements 
were  performed  using  PIV  and  mean  surface  pressure  measurements.  Mean  surface 
pressure  distributions  are  shown  in  Figure  4  for  zero  angle  of  attack  and  a  chord  Reynolds 
number  of  79,000.  The  actuators  were  driven  with  a  sinusoidal  input  of  fixed  amplitude 
and  a  range  of  frequencies  from  zero  to  500  Hz.  The  minimum  pressure  location,  which 
corresponds  roughly  to  the  mean  reattachment  location,  is  seen  to  move  forward  as 


Average  Pressure  Distribution  of  UF-1  Airfoil 


Figure  4.  Time  averaged  surface  pressure  measurements  for  various  actuation 
frequencies. 
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actuation  frequency  is  increased.  (The 
flap  trailing  edge  is  located  at  1.125 
inches.)  PIV  images  were  acquired  for 
these  same  operating  conditions  with 
selected  instantaneous  visualizations 
shown  in  Figure  5.  For  an  actuation 
frequency  of  zero  the  laminar  boundary 
layer  separates  from  the  trailing  edge  and 
undergoes  a  “natural”  transition  and 
reattachment  process.  Actuation  is  seen 
to  induce  a  vortex  structure  in  the  shear 
layer  with  the  vortex  spacing  decreasing 
as  actuation  frequency  increases.  Mean 
vector  plots  for  100  Hz  and  300  Hz  are 
shown  in  Figure  6  and  demonstrate  the 
correlation  of  time  average  reattachment 
location  to  actuation. 

Future  Work 

During  the  next  reporting  period  we  will 
extend  the  work  presented  here.  Phase 
locked  PIV  imaging  will  be  implemented 
so  that  the  time  resolved  evolution  of  the 
shear  layer  transition  process  can  be 
studied  and  correlated  to  the  actuation 
characteristics  and  surface 

measurements.  This  data  will  then  be 


Figure  5.  Instantaneous  PIV  images  for 
increasing  actuation  frequency. 


(a)  100  Hz  (b)  300  Hz 

Figure  6.  Mean  velocity  vector  maps  for  actuation  frequencies  of  100  and  300  Hz. 
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used  to  refine  the  computational  algorithms,  especially  the  transition  model.  A  scanning 
vibrometer  is  being  acquired  and  will  be  used  to  perform  a  3-D  characterization  of 
actuators  under  load.  This  information  is  critical  to  provide  accurate  boundary  conditions 
to  the  numerical  simulations  and  to  provide  specifications  of  actuation  requirements  for 
future  MEMS  actuator  development.  As  a  complement  to  the  MEMS  shear  sensor  array 
we  are  developing  a  microphone  array  based  on  commercially  available  electret  sensors. 
This  will  provide  quantitative  specifications  for  MEMS  based  separation/reattachment 
detection  using  microphone  arrays.  Control  algorithms  are  being  developed  and 
implemented  to  selectively  position  the  mean  reattachment  location  for  arbitrary  free 
stream  conditions.6  Closed  loop  control  will  be  based  on  measurements  of  mean  surface 
pressure,  fluctuating  surface  pressure  and  fluctuating  surface  shear  stress  with  actuation 
waveform  being  the  controlled  parameter. 

Personnel 

Faculty  and  graduate  assistants  from  two  departments  are  collaborating  on  this  research 
effort.  The  work  is  subdivided  into  three  main  subject  areas:  Aerodynamics,  MEMS,  and 
Controls,  although  considerable  overlap  and  coordination  between  areas  exists.  The 
personnel  in  each  subject  area  are  listed  in  the  following  table: 


Subject  Area 

Faculty 

Graduate  Assistants 

—  j 

Aerodynamics 

Bruce  Carroll  (AeMES) 

Wei  Shyy  (AeMES) 

Carlos  Fuentes 

Xiong  He 

MEMS 

Toshikazu  Nishida  (ECE) 
Mark  Sheplak  (AeMES) 

Anthony  Cain 

Controls 

Norman  Fitz-Coy  (AeMES) 
Andrew  Kurdila  (AeMES) 

Nilay  Papila 

Jing  Li 

_ 1 rri -*■» 'il  col 

*Drs.  Sheplak  and  Kurdila  are  new  members  of  our  faculty  and  were  not  listed  on  the  original  proposal. 
However,  they  have  been  making  substantial  contributions  to  the  project  and  are  now  listed  as  Co-PI  s. 
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Abstract 

Direct  Numerical  Simulations  of  the  flow  past  an  open  cavity  are  used  to  in¬ 
vestigate  and  characterize  self-sustained  flow/acoustic  oscillations  and  their  radiated 
acoustic  field.  In  addition,  modeling  efforts  are  directed  at  providing  low-order  flow 
models  for  use  in  active  control  laws.  Open  cavities  on  aircraft  are  subject  to  intense 
pressure  fluctuations  due  to  a  flow/acoustic  resonance  involving  shear  layer  instabil¬ 
ity  waves,  acoustic  feedback,  and  scattering  and  receptivity  problems  at  cavity  edges. 
Resulting  internal  acoustic  loads  with  sound  pressure  levels  (SPL)  in  excess  of  160 
dB  have  been  measured  and  these  can  damage  stores,  fatigue  nearby  surfaces  and 
components,  and  lead  to  intense  noise  radiation. 

This  report  describes  recent  progress  in  simulating  and  characterizing  the  reso¬ 
nant  instabilities  for  two-dimensional  cavities  with  laminar  boundary  layers  upstream. 
The  results  show  an  interesting  transition  from  a  shear  layer  mode,  for  shorter  cav¬ 
ities  and  lower  Mach  numbers,  to  a  wake  mode  for  longer  cavities  and  higher  Mach 
numbers.  The  shear  layer  mode  is  well  characterized  by  the  process  described  by 
Rossiter  [1].  The  wake  mode  is  characterized  instead  by  a  large-scale  vortex  shed¬ 
ding  with  Strouhal  number  independent  of  the  Mach  number,  and  the  boundary  layer 
periodically  separates  upstream  of  the  cavity.  Both  drag  and  acoustic  radiation  are 
significantly  increased  in  wake  mode.  The  wake  mode  oscillation  is  similar  to  that 
reported  by  Gharib  and  Roshko  [2]  for  incompressible  flow  with  a  laminar  upstream 
boundary  layer. 

Approach 

The  fully  compressible,  unsteady,  Navier-Stokes  equations  are  solved  for  two  and 
three  dimensional  flows  using  6th-order-accurate  compact  finite-difference  schemes 
[3].  A  4th-order  Runge-Kutta  scheme  is  used  to  advance  the  equations  in  time.  Non¬ 
reflecting  boundary  conditions  are  applied  at  all  open  boundaries,  and  are  presently 
based  on  buffer  zone  techniques  (e.g.  [4])  together  with  the  one-dimensional  boundary 
conditions  of  Poinsot  and  Lele  [5] . 

Figure  1  shows  a  schematic  diagram  of  the  computational  domain.  A  Cartesian 
grid  is  used,  with  clustering  of  nodes  near  all  the  walls.  The  code  is  parallelized 
using  a  domain  decomposition  method.  Typical  grids  contain  about  half  a  million 
grid  points.  The  code  has  been  run  on  8  to  32  processors  of  an  IBM  SP2.  The  wall  is 
assumed  to  be  isothermal  at  the  same  temperature  as  the  freestream.  The  simulations 
are  initiated  by  spanning  the  cavity  with  a  Blasius  flat  plate  boundary  layer.  The 
following  parameters  may  be  independently  varied:  the  length  of  the  cavity  relative 
to  the  initial  boundary  layer  thickness  at  the  cavity  leading  edge,  L/6  ;  the  Reynolds 
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number,  Reg,  based  on  the  freestream  velocity,  U,  the  boundary  layer  thickness  and 
the  kinematic  viscosity  in  the  ambient;  the  Mach  number  of  the  freestream,  M;  and 
the  cavity  length  to  depth  ratio,  L/D  . 


Figure  1:  Schematic  diagram  of  cavity  configuration  and  computational  domain. 


It  is  of  critically  important  that  instabilities  are  independent  of  the  location  of  the 
boundaries,  and  the  boundary  conditions.  This  is  because  repeated  spurious  reflec¬ 
tions  of  waves  can  lead  to  self-forcing  of  the  flow,  in  a  process  indistinguishable  from 
the  physical  instability  (e.g.[4]).  We  have  run  several  cases  with  variable  boundary 
location  and  grid  spacing,  in  order  to  find  appropriate  boundary  locations,  as  well  as 
demonstrate  grid  convergence  [6] 

Results 

The  computations  reveal  a  transition  between  two  fundamentally  different  modes 
of  cavity  oscillations.  These  modes  are  termed,  following  Gharib  and  Roshko  [2],  as 
shear  layer  mode  and  wake  mode.  The  runs  performed  show  that  transition  from 
shear  layer  to  wake  mode  occurs  as  the  length  of  the  cavity  is  increased  relative  to 
the  upstream  boundary  layer  thickness  (for  constant  L/9  and  Reg),  and  as  M  is 
increased  with  other  parameters  constant.  The  shear  layer  mode  is  characterized 
by  the  roll-up  of  vorticity  in  the  shear  layer  and  impingement  on  the  downstream 
cavity  edge.  The  frequencies  are  in  reasonable  agreement  with  those  predicted  by 
the  Rossiter  equation,  and  consist  primarily  of  Rossiter  modes  1  and  2  [1].  Spectra 
and  frequencies  of  oscillation  are  discussed  in  more  detail  below.  The  iso-contours  of 
vorticity  depicted  in  figure  2  are  representative  of  the  shear  layer  mode  of  oscillation. 
The  cavity  is  relatively  quiescent,  with  a  weak  vortex  occupying  the  latter  half  of  the 
cavity.  Vorticity  of  the  opposite  sign  (to  boundary  layer  vorticity)  is  generated  along 
the  walls  of  the  cavity.  Note  that  at  two  different  instants  in  time,  while  the  phase 
of  the  disturbances  in  the  shear  layer  has  shifted,  the  vorticity  contours  in  the  cavity 
are  nearly  the  same.  Animations  of  the  contours  confirm  that  the  interaction  of  the 
flow  in  the  cavity  with  the  shear  layer  is  relatively  weak. 

The  wake  mode  is  characterized  by  a  large  scale  shedding  from  the  cavity  leading 
edge,  in  a  manner  similar  to  bluff  bodies.  The  shed  vortex  has  dimensions  of  nearly 
the  cavity  size,  and  as  it  is  forming,  boundary  layer  fluid  is  directed  into  the  cavity. 
The  vortex  is  shed  from  the  leading  edge  and  ejected  from  the  cavity  in  a  violent 
event.  The  pressure  fluctuations  large  enough  to  cause  flow  separation  upstream  of 
the  cavity,  and  the  shed  vortex  induces  separation  in  the  boundary  layer  downstream 
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Figure  2:  Instantaneous  vorticity  contours  in  shear  layer  mode  at  two  different  instants 
during  the  oscillation  cycle  with  M  =  0.6,  L/D  =  2,  L/6  —  52.8,  and  Re#  =  56.8.  15 
contours  between  ^  =  -5  and  1.67.  Positive  contours  are  dashed.  Only  a  small  portion  of 
the  computational  domain  near  the  cavity  is  shown. 


of  the  cavity  as  it  convects  away.  We  believe  the  upstream  separation  is  a  key  feature 
of  the  transition  to  wake  mode,  and  is  discussed  further  below.  Figure  3  shows 
two  snapshots  of  the  vorticity  field  in  wake  mode.  The  radiated  acoustic  field  was 
examined  [6]  and  shows  substantial  differences  between  wake  mode  and  shear  layer 
mode. 


Figure  3:  Instantaneous  vorticity  contours  in  wake  mode  at  two  different  times  during  the 
oscillation  cycle  for  M  =  0.6,  L/D  =  4,  L/6  =  102.1,  and  Re#  =  58.8.  Same  contour  levels 
as  previous  figure. 


Gharib  and  Roshko  [2]  performed  experiments  on  incompressible  cavities  (an  an¬ 
nular  gap  in  an  axisymmetric  body  in  water),  where  the  upstream  boundary  layer 
was  also  laminar.  Transition  between  non-oscillatory,  shear  layer,  and  wake  modes 
occurred  at  LJO  =  80  and  L/0  =  160.  Our  data  show  that  the  change  from  wake 
mode  to  shear  layer  mode  depends  also  on  the  Mach  number.  As  in  the  experiments, 
the  computed  drag  is  significantly  higher  in  wake  mode  [6]. 

The  spectra  of  the  oscillations  are  also  substantially  different  in  wake  and  shear 
layer  mode.  In  figure  4,  distinct  peaks  from  spectra  for  runs  in  shear  layer  mode  are 
compared  to  predictions  from  the  modified  Rossiter  formula  (e.g.  [7]).  The  agreement 
is  relatively  good  and  within  the  scatter  of  experimental  data  (e.<?.[8]).  It  needs  also 
to  be  noted  that  the  spectra  were  computed  from  computational  data  over  relatively 
low  numbers  of  periods  (compared  to  experiments).  Short  time  series,  with  necessary 
windowing  techniques,  can  lead  to  significant  leakage  among  the  low  frequencies. 
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Nevertheless,  the  figure  provides  evidence  that  the  instability  mechanism  in  shear 
layer  mode  is  the  one  envisioned  by  Rossiter. 


Figure  4:  Strouhal  numbers  for  peaks  in  spectra  for  a  series  of  runs  in  shear  layer  mode  with 
L/D  =2,  L/9  =52.8,  and  Re@=58.8.  The  square  symbols  indicate  the  highest  amplitude 
mode,  circles  the  second  highest,  and  triangles,  the  third  highest.  The  open  squares  are 
peaks  in  the  spectra  at  the  first  harmonic  of  the  highest  amplitude  Rossiter  mode.  The 
lines  are  the  modified  Rossiter  formula  for  modes  m  =  1,2  and  3. 


The  spectra  in  wake  mode  are  very  different.  After  an  initial  transient,  which  at 
early  times  is  similar  to  shear  layer  mode,  the  flow  becomes  nearly  periodic  in  time, 
with  the  fundamental  period  corresponding  to  the  vortex  shedding  from  the  leading 
edge.  After  a  transient,  the  fundamental  mode  oscillates  at  a  Strouhal  number  of  0.25, 
which  is  lower  than  Rossiter  mode  one  (0.31),  and  additional  peaks  in  the  spectrum 
are  all  harmonics  of  the  fundamental.  In  addition,  there  is  very  little  variation  of  the 
fundamental  frequency  with  M.  For  M  =  0.4  to  M  =  0.8  the  fundamental  frequency 
varied  less  than  4%,  compared  to  the  expected  variation  of  about  20%  for  Rossiter 
mode  one.  The  4%  variation  is,  in  fact,  within  the  uncertainty  in  frequency  associated 
with  the  total  sampling  period.  The  lack  of  variation  with  M  indicates  that  the  mode 
is  not  acoustically  driven,  and  it  appears  that  the  feedback  in  this  case  is  provided 
by  the  complicated  recirculating  flow  in  the  cavity. 

It  should  be  noted  that  the  transition  from  shear  layer  to  wake  mode,  detected 
in  incompressible  experiments  and  the  present  compressible  computations,  appears 
not  to  have  been  noted  in  previous  compressible  experiments.  The  very  low  Reynolds 
number  of  the  calculations,  and  the  laminar  state  of  the  upstream  boundary  layer 
could  be  the  cause  of  wake  mode.  For  the  computations,  Re#  is  on  the  order  of  100, 
which  is  of  the  same  order  as  in  the  incompressible  experiments  [2],  but  much  lower 
than  any  compressible  experiments.  While  it  is  unlikely  that  the  shear  layer  dynamics 
are  highly  dependent  on  Reynolds  number,  even  for  Reg  as  low  as  100,  the  impact  of 
the  oscillations  on  an  upstream  laminar  boundary  layer  could  be  very  different  than 
for  a  turbulent  one. 

The  computations  show  that  in  wake  mode,  the  boundary  layer  alternately  sepa¬ 
rates  and  reattaches  well  upstream  of  the  cavity  edge,  due  to  the  oscillating  adverse 
pressure  gradient  caused  by  the  vortex  shedding.  We  hypothesize  that  the  transition 
to  wake  mode  occurs  because  pressure  fluctuations  from  the  cavity  grow  to  sufficient 
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size  to  cause  separation  in  the  laminar  boundary  layer  upstream.  At  present,  we  have 
detected  the  transition,  holding  D/9  constant  and  increasing  L/D  (and  therefore  also 
L/9  )  and  increasing  M  holding  other  parameters  constant.  This  result  suggests  that 
in  order  to  be  relevant  to  typical  compressible  cavity  experiments,  numerical  simula¬ 
tions  with  laminar  upstream  boundary  layers  should  avoid  parameter  regimes  where 
wake  mode  can  be  expected.  It  is  not  clear,  at  present,  what  role  L/9  plays  in  the 
transition,  although  a  previous  study  by  Sarohia  [9],  which  had  a  laminar  boundary 
layer  upstream,  suggested  that  the  shear-layer  mode  instability  characteristics  were 
independent  of  D/9.  Further  numerical  experiments  are  planned  to  explore  different 
trajectories  through  parameter  space  to  further  characterize  the  transition. 

A  turbulent  boundary  layer  would  be  much  more  resistant  to  such  separation  and 
may  preclude  the  emergence  of  wake  mode.  We  speculate  that  this  is  the  reason 
why  wake  mode  has  not  been  detected  in  previous  compressible  cavity  experiments. 
Of  course,  it  is  impossible  at  present  to  rule  out  that  other  Reynolds  number  and 
three-dimensional  effects  do  not  also  act  to  preclude  the  wake  mode. 

Future  Work 

As  noted  above,  further  two-dimensional  computations  are  underway  to  establish 
the  relation  between  unsteady  separation  upstream  of  the  boundary  layer  and  the 
transition  to  wake  mode.  Modifications  to  the  code  have  been  made  to  allow  for 
blowing  and  suction  from  the  wall  upstream  of  the  cavity.  In  a  first  test,  we  are 
attempting  to  prevent  transition  to  wake  mode  by  sucking  off  the  boundary  layer 
upstream  of  the  cavity. 

Also  underway  are  efforts  directed  at  the  development  of  low-order  flow  models  to 
be  used  in  conjunction  with  active  control  laws.  The  Proper  Orthogonal  Decomposi¬ 
tion  (method  of  snapshots)  is  being  used  with  data  from  the  two-dimensional  cavity 
runs  to  derive  a  low-dimensional  system  of  ODE’s  governing  the  oscillations.  Active 
control  will  be  directly  implemented  in  the  computations  to  validate  the  efficacy  of 
this  approach. 

Future  work  also  includes  the  investigation  of  three  dimensional  instabilities  in 
the  shear  layer  and  modes  of  self-sustained  oscillation.  An  efficient  three-dimensional 
parallel  version  of  the  code  is  complete. 
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Abstract 

Future  advanced  military  aircraft  missions  require  that  air  breathing  engines  operate  at 
double  the  current  thrust-to-weight  ratio  capabilities.  The  turbomachinery  components  of 
the  air  breathing  engine  establishes  the  engines  ability  to  generate  thrust  and  also  account 
for  the  greatest  percentage  of  weight  in  the  engine.  To  meet  the  thrust-to-weight  goals, 
turbomachinery  weight  must  be  reduced  and  performance  increased  by  the  use  of  thin 
wide-chord  blades  with  increased  loading  levels  and  tip  speeds  (flow  Mach  #)  while 
decreasing  blade-row  spacing.  Each  of  these  factors  individually  results  in  increases  in 
flow  field  unsteadiness  and  together  creates  significant  design  challenges.  Conditions 
within  the  turbomachinery  components  have  become  highly  unsteady  as  a  result  of 
complex  inlet  aerodynamic  distortions,  separated  flows,  shocks,  strong  wakes,  and 
passage  voticies. 

Turbomachinery  performance  is  governed  by  unsteady  fluid  flows  yet  steady  design 
methods  are  currently  used  to  develop  turbomachinery  by  compensating  for  the  lack  of 
basic  knowledge  with  extensive  empirical  correlations.  The  development  process  is 
lengthy  and  expensive,  particularly  when  extrapolations  are  made  to  existing  correlations 
as  the  significance  of  unsteadiness  increases.  The  need  for  obtaining  further  understanding 
and  better  design  methods  related  to  unsteady  turbomachinery  flows  is  key  to  future 
advances  in  compression  system  performance.  Conventional  design  approaches  are 
steady  in  nature  and  do  not  account  for  strong  unsteady  interactions.  The  magnitude  and 
nature  of  the  unsteady  influence  between  closely  spaced  transonic  blade-rows  is  not 
fully  understood  and  therefore  cannot  be  modeled  during  design. 

Results  from  a  research  program  to  investigate  blade-row  interactions  between  closely- 
spaced  highly-loaded  blade-rows  in  a  transonic  compressor  are  provided  in  this  abstract. 
Three  specific  topics,  related  to  unsteady  blade-row  forcing,  blade-row  spacing  effects 
on  efficiency,  and  flow  swallowing  capabilities  of  imbedded  stages  are  investigated 
through  experimental  and  computational  methods  in  this  study.  The  results  show  strong 
upstream  blade-row  forcing  due  to  potential  fields  from  a  downstream  transonic  blade- 
row.  High  levels  of  unsteady  surface  loading  were  measured  and  it  was  determined  that 
spacing  between  blade-rows  had  a  significant  influence  on  unsteady  loading.  The 
studies  presented  here  also  indicate  significant  drops  in  aerodynamic  efficiency  due  to 
increased  interaction  loss.  Finally,  results  from  this  study  demonstrated  that  for  closely 
spaced  blade-rows  the  choke  flow  capacity  of  the  rotor  does  not  equal  the  capacity 
when  tested  in  isolation.  The  findings  from  these  studies  suggest  that  unsteady 
influences  are  significant  when  blade-row  spacing  is  reduced. 


55 


Research  Goals 

A  joint  Air  Force  Research  Lab,  Propulsion  Directorate  (AFRL/PR)  /  Air  Force  Office 
of  Scientific  Research  (AFOSR)  initiative  is  currently  underway  to  establish 
quantitative  evidence  of  the  unsteady  effects  on  the  blade  passage  scale,  identify  the 
relative  importance  of  length  and  time  scales  of  unsteady  flow  phenomena  in 
turbomachinery  and  provide  for  future  improvements  in  technology  based  on  the 
recognition  of  unsteady  phenomena.  The  initiative  will  investigate  the  effect  of 
unsteady  flow  fields  on  blade  loading,  blade  structural  response,  loss  production,  wake 
transport,  and  wake  attenuation. 

The  specific  research  goals  that  will  be  addressed  in  this  effort  are  as  follows: 

1.  Investigate  and  quantify  the  fundamental  vane/blade  interaction  phenomena 
relevant  to  the  upstream  bow  shock  forcing  function  of  a  downstream  rotor  in  a 
transonic  compression  system. 

2.  Investigate  and  identify  the  relevant  interaction  mechanisms  that  produce 
significant  increases  in  aerodynamic  loss  between  adjacent  transonic  blade-rows. 

3.  Investigate  the  effects  of  stator/rotor  axial  spacing  and  stator  solidity  on 
overall  transonic  stage  (rotor/stator)  performance,  with  a  focus  on  mass  flow  capacity. 

Experiment 

The  experiments  presented  here  were  performed  in  the  Air  Force  Research  Laboratory 
Propulsion  Directorate  Compressor  Aero  Research  Laboratory  (CARL)  at  Wright- 
Patterson  Air  Force  Base.  The  experimental  hardware  was  designed  so  that  the  wake 
generator-to-rotor  (where  the  wake  generator  models  a  stator)  axial  spacing  can  be  set 
to  three  values  denoted  as  “close,”  “mid,”  and  “far”  as  shown  in  Fig.  1.  The  spacings 
normalized  by  the  wake  generator  chord  are  12%,  26%  and  56%  respectively. 


Wake  Generator 


Rotor  Stator 


Figure  1.  Stage  Matching  Investigation  rig  cross-section. 
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Blade-row  Spacing  Influence  on  Unsteady  IGY  Loading 

A  series  of  experiments  were  performed  to  investigate  the  IGV  unsteady  surface 
pressure  response  due  to  the  upstream  traveling  pressure  field  generated  by  the 
downstream  rotor.  The  influence  of  blade-row  spacing  on  the  time  resolved  IGV  surface 
pressure  fields  were  established.  The  data  is  non-dimensionalized  based  on  the  inlet 
static  pressure  and  then  differenced  across  the  IGV  surface.  Two  radial  span  locations 
of  50%  and  75%  at  70%,  83%,  89%  and  95%  chordwise  locations,  respectively,  were 
analyzed.  The  axial  spacings  compared  are  12%,  26%  and  56%  of  the  rotor  chord. 
Figure  2.  demonstrates  the  level  of  peak  unsteady  loading  seen  on  the  upstream  blade 
row  due  to  the  bow  shock.  The  figures  also  indicate  that  a  non-linear  relationship  exists 
when  this  interaction  is  strong  at  75%  span. 


Figure  2.  Influence  of  Spacing  and  Span  on  IGV  Loading 


This  research  has  demonstrated  significant  unsteady  potential  pressure  variations  up  to 
70%  chord  on  an  upstream  blade-row  due  to  a  downstream  rotor  bow  shock.  In 
addition  changes  in  spacing  between  these  blade-rows  has  a  significant  influence  on  the 
magnitude  and  character  of  the  forcing  function.  Also,  variations  in  spanwise  shock 
strength  produce  a  change  in  the  loading  level  of  the  IGV  with  spanwise  location. 
These  upstream  influences  can  have  a  significant  impact  on  forced  response  studies  for 
closely  spaced  blade-rows.  These  results  also  demonstrate  the  potential  for  significant 
wake  modifications  and  subsequent  loss  generation  due  to  this  strong  bow  shock 
potential  field. 

The  possibility  for  generation  of  additional  aerodynamic  loss  and  blockage  due  to  this 
interaction  is  further  studied  in  the  next  sections.  The  influence  of  blade-row  spacing  on 
measured  efficiency  will  be  considered  first  followed  by  a  study  of  the  influence  of 
blade-row  spacing  on  mass  flow  swallowing  capability. 
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Influence  of  Spacing  on  Aerodynamic  Efficiency 

The  research  compressor  was  converted  to  a  two-blade-row  configuration  by  removing 
the  downstream  stator.  A  circumferential  total  pressure  and  total  temperature  traverse 
mechanism  was  positioned  approximately  1  rotor  chord-length  downstream  of  the  rotor. 
Data  were  obtained  for  rotor  operation  between  peak  efficiency  and  stall  with  40  wake 
generators  installed  at  the  three  axial  spacings  defined  previously 

The  area  averaged  performance  results  from  the  exit  plane  survey  are  presented  in 
Figure  3.  The  bars  on  the  figure  indicate  the  measurement  errors.  The  results  in  Figure 
3  suggest  that  for  a  common  flow  rate,  reduced  axial  spacing  has  a  significant  effect  on 
both  pressure  rise  and  efficiency.  The  results  show  a  1  point  drop  in  efficiency  as  the 
spacing  is  reduced  from  56%  of  upstream  blade-row  chord  (Far  Spacing)  to  12%  chord 
(Close  Spacing).  Figure  3  also  indicates  that  the  overall  pressure  ratio  is  reduced  by 
approximately  3%  as  the  spacing  is  reduced.  These  findings  are  contrary  to  the 
experimental  results  for  subsonic  flows  showing  that  reducing  the  axial  gap  between 
blade  rows  in  subsonic  multistage  compressors  increased  the  pressure  ratio  and 
efficiency  for  a  given  flow  coefficient.  The  pitchwise  distributions  of  pressure  ratio  for 
both  the  close  and  far  spacing  at  similar  flow  rates  are  also  shown  in  Figure  3.  For  the 
close  axial  spacing  configuration  the  wakes  from  the  upstream  wake  generator  can 
clearly  be  seen  as  4  high  gradient  regions  of  reduced  pressure  ratio.  While  for  the  far 
axial  spacing  the  wakes  are  nearly  non-existent;  only  identified  by  the  weak  gradients. 
This  supports  the  findings,  from  the  flow  capacity  study  to  be  addressed  next,  that  for 
the  56%  axial  spacing  the  wakes  are  nearly  mixed  out.  However,  for  the  close  axial 
spacing  the  wakes  do  not  have  time  to  mix  before  encountering  the  rotor  potential  field 
and  therefore  can  clearly  be  seen  downstream  of  the  rotor.  The  pressure  loss 
encountered  by  these  wakes  is  far  greater  than  that  of  simple  wake  mixing.  This 
suggests  that  perhaps  some  other  mechanism  to  create  loss  occurs  while  the  unmixed 
wake  fluid  is  under  the  influence  of  the  rotor. 


R=9.50 


29  29.5  30  30.5  31  31.5  32 

CORRECTED  FLOW  RATE  (LBM/S) 


Figure  3.  Influence  of  axial  spacing  on  pressure  rise  and  efficiency  of  the  wake  generator  and  rotor 

configuration. 
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Influence  of  Blade-Row  Spacing  on  Flow  Capacity 

The  choking  flow  capacity  (which  for  this  stage  is  set  in  the  rotor)  results,  at  the  design 
corrected  rotational  speed,  for  the  40  and  24  wake  generator  cases  are  shown  in  Figure 
4.  Both  the  three-blade-row  choking  flow  rate  as  well  as  the  two-blade-row  (i.e.,  the 
three-blade-row  corrected)  choking  flow  rate,  are  shown  in  the  figures.  As  seen  in  the 
figures,  the  actual  three-blade-row  flow  rate  drop  from  the  “without  wake  generator 
case”  is  significant  for  both  the  40  and  24  wake  generator  count  cases.  These  results, 
when  corrected  for  mass  averaged  total  pressure  loss  at  the  rotor  face  indicate  no 
overflowing  of  the  embedded  stage  as  was  originally  expected  when  the  experiment  was 
designed.  Instead,  an  apparent  underflow  of  2%  for  the  40  wake  generator  close  spacing 
case  exists.  However,  at  56%  or  “far”  spacing  no  evidence  of  this  drop  in  flow  can  be 
seen. 

The  flow  rate  correction  is  based  on  isolated  wake  generator  calibration  results  and  so 
does  not  include  any  blade  row  interaction  or  shock/wake  interaction  losses.  These 
losses,  if  they  exist  at  all,  would  tend  to  increase  the  computed  corrected  flow  rate,  i.e., 
the  embedded  flow  rate.  In  addition  to  this,  the  upstream  wakes  may  effect  the  blockage 
development  within  the  rotor  and  this  would  directly  effect  its  choking  flow  capacity. 
Small  blockage  changes  within  a  rotor  are  difficult  to  sort  out  even  with  results  from 
numerical  simulations. 


40  WAKE  GENERATOR  CASE 


(NORMALIZED  BY  MEAN  WAKE  GENERATOR  CHORD) 


24  WAKE  GENERATOR  CASE 


WAKE  GENERATOR  TO  ROTOR  FACE  AXIAL  SPACING 
(NORMALIZED  BY  MEAN  WAKE  GENERATOR  CHORD) 


Figure  4.  Choking  flow  rate  as  a  function  blade  row  spacing  for  the  40  wake  and  24  wake  generator 

configurations  at  the  design  rotational  speed. 


Clearly,  at  some  wake  generator-to-rotor  axial  spacing  the  wake  mixing  will  be 
complete  and  any  effects  from  blade  row  interaction  or  rotor  blockage  phenomena  will 
diminish  to  zero.  For  this  stage,  this  point  is  apparently  reached  (within  the  uncertainty) 
near  the  “far”  spacing  for  both  wake  generator  vane  counts.  At  spacings  closer  than  this 
other  mechanisms,  such  as  those  just  mentioned,  are  at  work.  These  effects,  having  been 
detected  far  down  the  choke  line,  would  only  be  expected  to  increase,  as  the  stage  is 
backpressured. 
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Summary 

The  present  work  was  an  attempt  to  address  the  long-standing  question  regarding  the 
overflow  of  embedded  transonic  compressor  stages,  to  establish  the  influence  of  axial 
spacing  on  performance  and  quantify  the  unsteady  forcing  on  upstream  blade  row.  The 
experiment  was  designed  to  isolate  and  investigate  the  effects  of  upstream  two- 
dimensional  wakes  on  downstream  stage  flow  capacity  and  performance  as  well  as 
quantify  upstream  forcing.  An  individual  summary  for  each  investigation  is  provided 
below 

Flow  Capacity:  The  results  show  that  for  axial  spacings  beyond  50%  of  the  upstream 
blade  chord,  simple  wake  mixing  alone  fully  accounts  for  the  flow  losses  and  a  simple 
correction  based  on  the  rotor  face  mass  averaged  total  pressure  deficit  is  sufficient.  At 
spacings  closer  than  this,  other  effects  or  loss  mechanisms  exist.  These  may  include:  1) 
Shock/wake  or  other  two-dimensional  blade  row  interaction  loss  sources  not  accounted 
for  in  the  calibration  procedure;  2)  Increased  blockage  development  in  the  rotor  due  to 
the  upstream  wakes  or  secondary  flows;  and  3)  Three-dimensional  or  other  effects  not 
accounted  for  in  the  experiment. 

Aerodynamic  Losses:  The  experiment  with  the  wake  generator  and  rotor  alone 
(without  the  exit  stator  assembly)  demonstrated  that  additional  losses  above  those  of 
conventional  mixing  do  exist  for  the  close  axial  spacing  configuration.  These  losses 
resulted  in  a  1%  drop  in  overall  efficiency  and  a  3%  reduction  in  pressure  rise 
capability. 


Aeromechanical  Forced  Response:  This  investigation  reveals  several  significant 
fundamental  flow  physics  phenomena:  (1)  upstream  traveling  unsteady  pressure 
fluctuations  are  significant;  (2)  the  rotor  bow  shock  dominates  the  pressure  variations; 
(3)  changes  in  axial  spacing  effects  the  magnitude  and  character  of  the  unsteady 
pressure  loading. 

The  influences  of  axial  spacing  on  imbedded  transonic  rotor  performance  (flow 
swallowing  pressure  rise,  efficiency  and  forced  response)  seen  in  this  study  are 
significant  and  must  be  further  understood  if  designs  continue  to  trend  toward  higher 
blade  loading  and  reduced  spacing.  Research  is  ongoing  that  will  attempt  to  identify 
and  clarify  the  relevant  aerothermodynamic  flow  details  associated  with  these  close 
blade  row  spacings. 
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Background 

This  work  is  aimed  at  the  use  of  an  azimuthal  array  of  plasma  actuators  placed  inside 
the  nozzle  of  a  high  Mach  number  axisymmetric  jet  in  order  to  control  the  unsteady  initial 
condition  of  instability  modes  which  affect  jet  spreading  and  radiated  acoustic  tones.  The 
use  of  plasma  actuators  is  based  on  concepts  developed  in  our  earlier  work  (Corke  &  Cavalieri 
(1995  1997);  Corke,  Cavalieri  &  Matlis,  1998).  The  present  work  requires  new  designs  which 
can  produce  a  stable  plasma  over  large  areas  (scale  up  to  full-scale  jet  applications),  operate 
efficiently  at  atmospheric  pressure,  and  be  capable  of  being  easily  implemented  on  thm-skm 

nozzles  used  in  full-scale  jets.  ,  .  .  . 

The  jet  control  is  designed  to  couple  the  shear  layer  instability  modes  with  the  jet  column 
mode.  The  shear  layer  modes  include  both  axisymmetric  and  helical  modes  in  different 
combinations.  This  is  motivated  by  our  previous  work  (Corke  &  Kusek,  1993)  where  the 
combination  of  an  axisymmetric  mode  at  the  fundamental  frequency  and  helical  modes  at 
the  subharmonic  frequency  leads  to  the  double-exponential  growth  of  the  helical  modes  and 
significant  enhanced  spreading  of  the  jet  shear  layer.  Closed-loop  control  will  utilize  arrays  of 
MEM  sensors  (provided  by  MIT)  which  will  be  placed  at  locations  in  the  flow  where  they  will 
sense  velocity  and/or  temperature  (for  heated  jets)  fluctuations  associated  with  the  shear 
layer  and  core  instabilities.  Instantaneous  time  series  are  constructed  and  used  as  input 
to  the  actuators  to  produce  an  electronic  feed-back.  With  positive  feed-back,  this  results 
in  a  steady  limit  cycle.  The  frequency  is  determined  by  the  stability  characteristics  and  a 
feed-back  constraint  which  requires  an  integer  number  of  wave  lengths  from  the  feed-back 
sensor  to  the  actuator  (or  point  of  receptivity).  This  methodology  is  based  on  the  previous 
work  of  Ahn  (1994),  and  implemented  in  the  first  year  of  this  research  program  by  Chang 

The  second  year  of  research  has  primarily  focused  on  the  further  development  of  the 
plasma  actuator  arrays,  and  the  documenting  of  their  use  in  the  open-loop  excitation  of 
different  helical  instability  of  core  modes  in  a  round  jet.  The  mile-stones  have  included: 

1.  The  development  of  more  stable  dielectric/insulator  materials  which  allow  essentially 
infinite  operation  times  for  the  plasma  actuators. 

2.  The  development  of  a  new  concept  of  electrode  placement  and  control  time  series  which 
allows  for  the  first  time,  phase  shifting  between  neighbor  electrodes.  This  concept  is 

iNew  address:  University  of  Notre  Dame,  Aerospace  &  Mechanical  Engineering  Department,  Notre  Dame, 
IN  46556 
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essential  towards  increasing  the  excitation  amplitudes  of  the  plasma  actuators,  and  in 
exciting  helical  modes  in  round  jets. 

3.  The  quantifying  of  the  unsteady  control  coefficient,  C^,  for  the  plasma  actuators.  This 
provides  a  scaling  relation  between  the  input  voltage  and  unsteady  excitation  ampli¬ 
tudes  which  can  be  used  to  design  actuators  for  high-speed  applications. 

4.  The  use  of  the  phased  actuators  to  excite  the  jet  column  mode  for  a  range  of  helical 
mode  azimuthal  mode  numbers  from  0  <  m  <  8  in  a  jet  with  Uj  =  30 .6m/s  and 
ReD  =  1.05  x  105. 

The  following  gives  a  more  detailed  summary  of  the  results  in  these  four  areas. 


Flat-array  Phased  Plasma  Actuators 

An  extensive  effort  has  been  made  on  the  development  of  actuators  which  are  based 
on  the  concept  of  producing  a  plasma  in  a  localized  region  to  generate  unsteady  vortical 
disturbances.  The  plasma  is  produced  over  electrodes  which  are  located  on  a  surface,  where 
it  can  excite  a  boundary  layer  or  separated  shear  layer.  This  type  of  actuator  has  been  used 
by  us  in  the  past  to  excite  instability  modes  in  Mach  3.5  laminar  boundary  layers  (Cavalieri, 
1995;  Corke  et  ah,  1997,  1998),  and  to  excite  shear  layers  in  incompressible  to  transonic  Mach 
number  jets.  In  a  recently  completed  DARPA  Phase  I  project  with  UTRC,  these  actuators 
showed  the  potential  for  producing  large  control  coefficients  needed  for  separation  control 
applications  on  helicopters.  The  advantages  of  the  plasma  actuators  are  (I)  that  they  are 
fully  electronic,  with  no  moving  parts  which  can  fatigue  or  limit  the  frequency  band  width, 
(2)  they  have  a  high  energy  density,  and  (3)  they  are  fully  scalable  in  size,  with  MEMs  scales 
providing  some  advantages  in  their  operation. 

The  plasma  flow-actuator  concepts  are  illustrated  in  Figure  1.  For  this,  an  a.c.  voltage 
is  supplied  to  a  pair(s)  of  electrodes.  The  electrodes  are  separated  by  a  dielectric-insulator 
material.  In  our  first  application  (Cavalieri,  1995),  an  air  gap  was  used  between  the  elec¬ 
trodes.  Presently,  we  use  materials  which  have  better  properties  than  air.  When  the  a.c. 
potential  across  the  electrodes  exceeds  a  threshold  value  (inversely  proportional  to  the  elec¬ 
trode  spacing  and  a  function  of  the  dielectric  properties)  the  air  forms  a  plasma.  The  plasma 
produces  a  body  force  on  the  ambient  air,  FB  oc  grad(F2).  This  amounts  to  a  low  pressure 
region  which  induces  a  flow  towards  the  plasma.  The  no-penetration  boundary  condition  at 
the  wall  results  in  a  secondary  flow  away  from  the  wall,  which  is  represented  in  the  bottom 
part  of  Figure  1.  With  electrodes  which  are  aligned  with  the  flow  direction,  the  secondary 
motion  produces  counter-rotating  streamwise  vortices. 

If  an  electrode  pattern  which  produces  an  asymmetric  plasma  strength  distribution  is 
used,  it  is  possible  to  induce  a  mean  velocity.  This  was  used  by  Roth  et  al.  (1998)  to  produce 
a  steady  thrust  component  of  approximately  3f/s  on  the  wall  in  a  turbulent  boundary  layer. 

The  magnitude  of  a  mean  flow  component  produced  by  plasma  actuators,  or  the  magni¬ 
tude  of  unsteady  disturbances,  can  be  greatly  enhanced  by  phase-shifting  the  a.c.  input  to 
neighbor  electrodes.  The  object  here  is  to  cause  the  plasma  to  translate  in  space.  In  theory, 
this  has  the  potential  to  produce  velocities  of  (9200f/s  (Roth,  1995)  with  moderate  voltages 
and  low  power. 

Previous  attempts  by  others  (Roth  et  ah,  1998)  to  supply  phase-shifted  a.c.  voltages, 
capable  of  producing  a  plasma,  to  individual  electrodes  which  were  exposed  to  air,  had 
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Figure  1.  Schematic  showing  plasma  flow-  Figure  2.  Schematic  of  two-frequency 
actuator  concepts.  phased  excitation  to  produce  unidirec¬ 

tional  plasma  motion. 


failed.  The  outcome  was  arcing  between  the  exposed  electrodes  because  the  potential,  at 
certain  phase  increments  exceeded  the  breakdown  value  for  the  air.  Our  approach,  which 
is  illustrated  in  Figure  2,  solved  that  problem.  In  this  case,  the  phased  electrodes  (labeled 
2-6)  are  on  the  underside  of  the  dielectric  layer,  where  they  can  be  isolated  from  each  other 
by  a  high-voltage  insulator.  The  electrodes  which  are  exposed  to  the  air  (1)  have  a  common 
a.c.  supply.  The  time  traces  below  the  electrode  pattern  depict  one  complete  cycle  to  each 
of  the  electrodes,  where  the  number  on  the  left  refers  to  the  particular  electrode.  For  the 
lower  electrodes,  the  time  series  is  a  short  duty  cycle  pulse  which  is  phase  shifted  by  72° 
with  respect  to  its  neighbor.  These  are  operated  at  frequency  f\.  The  upper  electrodes  also 
operate  with  a  short  duty  cycle  time  series,  but  at  a  frequency,  f2.  The  plasma  forms  on 
either  side  of  the  electrode  on  the  upper  surface  where  the  potential  is  large  enough.  In 
Figure  2,  this  occurs  where  there  is  a  conjunction  of  the  high  and  low  states  at  a  particular 
electrode,  such  as  (3)  and  (6).  Because  the  frequencies  are  different  between  the  time  series 
to  the  upper  and  lower  electrodes,  the  location  of  the  plasma  moves.  The  velocity  at  which 
it  moves  is  equal  to 

U  =  2; r(/2  -  h)l 

where  /  is  the  length  of  the  electrodes  corresponding  to  one  period,  Ti- 

We  have  applied  this  concept  towards  exciting  helical  modes  in  an  axisymmetric  jet.  A 
schematic  is  shown  in  Figure  3.  In  this  case  the  dielectric  insulator  was  molded  to  fit  along 
the  inside  wall  of  a  straight  nozzle  extension.  Eight  (8)  electrodes  on  the  outside  (labeled 
2-9),  have  inputs  with  different  phase  shifts,  to  excite  different  helical  mode  numbers.  The 
time  series  to  excite  an  m  =  4  mode  is  shown  in  the  figure.  The  plasma  forms  on  the  flow- 
side  of  the  dielectric,  on  either  side  of  the  electrodes  labeled  (1).  The  implementation  of  this 
concept  in  a  straight  extension  on  the  exit  of  the  jet  nozzle  is  shown  in  the  photographs  in 
Figure  4. 


63 


Figure  3.  Schematic  of  two-frequency 
phased  excitation  to  produce  helical  dis¬ 
turbances  in  a  round  nozzle. 


Figure  4.  Photograph  of  nozzle  extension 
showing  internal  and  external  electrodes. 


The  azimuthal  position  of  the  plasma  travels  around  the  nozzle  based  on  the  phase  shift 
between  neighbor  electrodes,  and  the  frequency  difference  between  the  time  series  supplied 
to  the  inner  and  outer  electrodes.  This  is  documented  in  Figure  5,  which  shows  a  movie 
frame  sequence  for  conditions  to  excite  a  m  =  1  helical  mode.  Time  starts  in  the  top-left 
frame,  and  increases  in  each  successive  frame  going  from  left  to  right  and  continuing  from 
the  top  to  bottom  rows.  In  this  sequence,  the  plasma  (bright  line)  is  seen  to  move  around 
the  nozzle,  starting  from  the  bottom. 

Column  Mode  Excitation 

The  plasma  actuator  was  used  to  excite  the  jet  column  mode  at  different  azimuthal  mode 
numbers  in  the  range  0  <  m  <  8.  This  investigation  is  the  next  step  towards  the  combined 
excitation  which  couples  the  shear  layer  and  column  modes,  that  was  investigated  last  year 
using  miniature  speakers  as  the  actuators  (Chang,  1998).  The  excitation  frequency  was 
/  =  266Hz,  which  corresponds  to  the  most  amplified  St  =  fD/Uj  =  0.44.  The  velocity  time 
series  were  obtained  from  a  constant-temperature  hot-wire,  which  were  digitally  sampled. 
Discrete  Fourier  analysis  of  the  time  series  was  used  to  determine  the  amplitude  of  velocity 
fluctuations  of  the  excited  mode. 

Figure  6  shows  the  streamwise  development  of  the  centerline  velocity  fluctuations  at 
the  excitation  frequency  for  the  different  azimuthal  mode  numbers.  The  upward  triangles 
corresponds  to  the  natural  (unforced)  jet.  The  solid  line  indicates  the  linear  growth  rate 
based  on  the  natural  jet.  In  all  cases,  the  amplitude  increases  as  a  result  of  the  helical  mode 
excitation.  Further  downstream,  the  largest  amplitudes  correspond  to  the  m  =  0  and  m  =  4 
cases. 

This  effect  of  azimuthal  mode  number  on  the  centerline  velocity  fluctuations  is  further 
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center  line,  f=fc=266Hz 


Figure  5.  Sequential  movie  frames  show¬ 
ing  plasma  motion  to  excite  m  =  1  helical 
mode. 


Figure  6.  Streamwise  development  of  cen¬ 
terline  u'/Uj  level  at  the  column  mode  fre¬ 
quency  for  different  azimuthal  mode  num¬ 
bers. 


center  line,  f=f  =266Hz 
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Figure  7.  Centerline  column  mode  u'/Uj 
levels  as  a  function  azimuthal  mode  num¬ 
ber,  at  different  x/D  locations. 


Figure  8.  Streamwise  development  of 
centerline  mean  velocity  for  different  az¬ 
imuthal  mode  numbers. 


demonstrated  in  Figure  7.  This  shows  the  u' /Uj  level  as  a  function  of  m  at  different  x/D 
locations.  Initially,  m  =  0, 4  &  8  produce  higher  centerline  fluctuations.  However,  past  am¬ 
plitude  saturation,  x/D  ~  4,  the  highest  levels  shift  towards  lower  azimuthal  mode  numbers, 
m  =  0  h  2. 

The  effect  of  the  azimuthal  mode  number  on  the  centerline  mean  velocity  is  shown  in 
Figure  8.  Further  downstream,  all  of  the  excitation  cases  result  in  a  faster  centerline  velocity 
decay.  The  largest  decay  occurs  for  the  m  =  0  &  4  modes,  which  is  consistent  with  the 
fluctuation  amplitude  results  in  Figure  7. 

Other  Results  and  Future  Direction 

These  results  are  a  small  part  of  an  extensive  study  of  the  effect  of  azimuthal  mode 
number  on  the  development  of  the  shear  layer  and  column  modes,  which  was  conducted 
using  the  the  phased  plasma  actuator.  The  next  steps  in  this  research  will  be: 

1.  to  configure  the  phased  plasma  actuator  for  a  thin-walled  nozzle, 

2.  to  investigate  its  ability  to  excite  modes  at  higher  jet  Mach  numbers  ( O  0.6-0. 8)  and 
Reynolds  numbers  (Rep  ~  0.5  x  106), 

3.  operate  the  actuator  with  closed-loop  feedback,  similar  to  Chang  (1998). 

This  work  will  be  conducted  in  the  high-speed  jet  facility  in  the  Hessert  Center  for  Aerospace 
Research  at  the  University  of  Notre  Dame. 
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Abstract 


1.0  Introduction 

This  document  constitutes  an  annual  progress  report  on  a  multi-investigator  research 
program  on  unsteady  and  three-dimensional  flow  phenomena  in  turbomachines.  The 
report  covers  the  work  conducted  during  the  period  June  1,  1998  to  June  31,  1999.  The 
unifying  theme  in  the  work  described  is  the  view  that  primary  barriers  to  achieving 
increased  overall  performance  of  turbomachines  are  linked  to  local  phenomena  which  are 
inherently  three-dimensional  and/or  unsteady.  The  objectives  of  this  multi-investigator 
program  are  as  follows. 

1)  Elucidate  the  physical  mechanisms  associated  with  steady  and  unsteady  interactions 
between  turbine  aerodynamics  and  rotor  blade  film  cooling  that  debit  turbine 
efficiency  and  blade  life. 

2)  Identify  parameters  that  characterize  flutter  in  high  performance  compressor  and 
develop  methodology  for  compressor  flutter  clearance.. 

3)  Quantify  the  impact  of  flow  unsteadiness  in  multi-stage  turbomachines  on 
performance  and  develop  effective  strategies  for  managing  these  effects  with  the 
intent  of  performance  enhancements. 

Progress  made  in  the  past  year  toward  accomplishing  the  above  objectives  is  described  in 
Section  2.0  entitled  “Influence  of  Film  Cooling  on  the  Aerodynamic  Performance  of  Film 
Cooled  Turbines  ”,  Section  3.0  entitled  “Flutter  Clearance  Methodology”,  and  Section  4.0 
entitled  “Unsteady  Flow  in  Turbomachinery  Endwall  Flows:  Role  of  Tip  Leakage 
Vortex/Endwall  Flow  on  Axial  Compressor  Rotating  Stall  Inception.” 

2.0  Influence  of  Film  Cooling  on  the  Aerodynamic  Performance  of  Film  Cooled 
Turbines 

This  is  part  of  an  effort  to  study  the  aerodynamic  performance  penalties  due  to  film 
cooling  on  a  fully-scaled  transonic  turbine  stage.  The  test  turbine  has  a  design  pressure 
ratio  of  2.0  with  a  loading  coefficient  of  2.0.  The  cooling  mass  flow  for  the  NGV,  rotor 
and  casing  cooling  account  for  10%  of  the  stage  exit  mass  flow.  The  results  from  two 
series  of  experiments  in  MIT  Blowdown  Turbine  Facility  are  compared: 

Uncooled  Turbine  Performance  -  In  order  to  measure  the  performance  penalties  due  to 
film  cooling,  a  test  was  conducted  on  the  uncooled  turbine  in  order  to  determine  its 
aerodynamic  performance.  The  results  from  this  uncooled  test  form  a  baseline  against 
which  the  performance  of  the  cooled  turbine  can  be  compared.  This  test  required 
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incorporating  several  new  features  into  the  Blowdown  Turbine  Facility.  Actual  turbine 
power  was  measured  directly  while  ideal  power  was  determined  by  measuring  turbine 
mass  flow,  pressure  ratio,  and  inlet  total  temperature.  The  turbine  was  tested  over  a 
range  of  operating  conditions  by  varying  its  pressure  ratio  and  corrected  speed. 

Cooled  Turbine  Performance  -  The  film  cooled  turbine  was  fabricated  by  incorporating 
cooling  channels  into  the  uncooled  turbine  nozzle  guide  vanes  and  rotor  blades  using 
Electrical  Discharge  Machining.  The  film  cooling  holes  were  then  machined  by  laser 
drilling  holes  from  the  airfoil  surfaces  to  the  cooling  channels.  Preliminary  testing  of  the 
film  cooled  turbine  has  begun.  The  turbine  will  be  tested  over  the  same  range  of 
operating  conditions  as  the  uncooled  turbine.  A  range  of  coolant  to  mainstream  mass  flow 
and  temperature  ratios  will  also  be  tested.  A  combination  of  analytical  and  computational 
tools  will  be  used  to  determine  if  the  differences  between  the  uncooled  and  cooled 
performances  can  be  explained  using  models  developed  using  cascade  tests. 

3.0  Flutter  Clearance  Methodology 

The  objective  of  this  task  is  the  development  of  methodologies  for  assuring,  by  testing, 
that  compressor  and  fan  designs  are  free  of  self-excited  aeroelastic  instabilities  (flutter) 
throughout  their  operating  range.  Such  assurance  requires  understanding  of  the 
dependence  of  the  flutter  boundaries  on  all  relevant  (dimensionless)  parameters  that  vary 
during  operation,  so  that  testing  can  be  conducted  over  the  full  relevant  parameter  space. 
In  current  practice  such  testing  is  generally  limited  to  two-parameter  domains,  defined  by 
reduced  velocity  and  incidence,  or  by  location  on  the  compressor  performance  map, 
which  is  expressed  in  terms  of  pressure  ratio  vs  corrected  weight  flow  and  corrected 
speed.  This  program  has  focused  on  stall-flutter  as  a  phenomenon  that  has  been  especially 
troublesome  to  the  aircraft  engine  community. 

Modeling  conducted  under  this  program  has  shown  that  a  full  definiton  of  the  stall-flutter 
boundaries  for  high  speed  compressors  and  fans  requires  consideration  of  at  least  four 
dimensionless  parameters:  Mach  number,  reduced  velocity,  incidence,  and  the  ratio  of 
mechanical  damping  to  relative  air  density.  The  modeling  further  defines  the  shape  of  the 
flutter  boundaries  in  this  four-space,  in  terms  of  a  set  of  coefficients  that  must  be 
determined  empirically  and  by  use  of  numerical  models  that  embrace  two  of  the 
parameters.  The  available  flutter  data  base  is  currently  being  examined  in  the  context  of 
the  model,  to  determine  the  coefficients  and  their  level  of  generality.  Data  that  has  been 
embraced  to  date  includes  that  from  a  family  of  core  compressors  and  from  two  fans. 

4.0  Unsteady  Flow  in  Turbomachinerv  Endwall  Flows:  Role  of  Tip  Leakage 
Vortex/Endwall  Flow  on  Axial  Compressor  Rotating  Stall  Inception 

4.1  Introduction 

A  key  objective  of  this  subtask  is  to  establish  the  link  between  blade  passage  flow  events 
(particularly  the  tip  clearance  flow  and  the  casing  boundary  layer)  and  rotating  stall 
inception  to  enable  the  quantitative  delineation  of  the  physical  parameters  that  control 
rotating  stall.  Recently,  three-dimensional  single  and  multi-bladed  computations  of  an 
isolated  compressor  rotor  by  Hoying  [1]  showed  that  the  central  feature  of  the  flow 
associated  with  the  development  of  short  length-scale  (spike)  stall  inception  was  the  tip 
clearance  vortex  moving  forward  of  the  blade  leading  edge.  Vortex  kinematic  arguments 
were  used  to  provide  a  physical  explanation  of  this  motion  and  also  to  explain  why  the  tip 
vortex  trajectory  at  the  leading  edge  of  the  compressor  sets  compressor  stability.  Further 
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detailed  analysis  of  the  multi-blade  computational  results  showed  that  both  tip  vortex 
circulation  and  blockage  increases  with  throttle  closing  prior  to  stall.  At  stall  inception, 
the  traveling  disturbance  causes  the  tip  vortex  trajectory  and  circulation  in  any  particular 
blade  passage  to  oscillate  in  time  and  to  lead  in  phase  of  the  blockage  oscillation.  Single¬ 
blade  computations  showed  similar  tip  vortex  behavior  prior  to  stall  and  stall  point 
compared  to  the  multi-blade  calculation.  A  criterion  for  compressor  stall  inception  in 
terms  of  tip  vortex  position  and  the  utility  of  single-blade  computations  for  predicting 
stall  point  had  been  developed  based  on  these  results  [2]. 

4.2  Progress  in  the  Past  Year 

In  the  past  year,  the  focus  has  been  on  examining  the  following  issues: 

(1)  Adjacent  stator  blade  rows  can  potentially  affect  the  behavior  of  the  tip  vortex,  and 
thus  stall  inception.  How  is  the  observed  stall  behavior  different  in  a  full-stage  (rotor- 
stator)  or  multi-stage  environment  from  isolated  rotor  situations  ? 

(2)  Hoying’s  simulation  was  based  on  inviscid  casing  assumption.  However,  a  casing 
boundary  layer  implies  a  decrease  in  upstream  velocity  seen  by  the  tip  vortex  and  an 
increase  in  blade  tip  loading  and  blockage.  What  impact  would  the  presence  of  the 
casing  boundary  layer  have  on  the  stall  inception  behavior? 

(3)  What  is  the  mechanism  of  stall  disturbance  propagation  with  respect  to  the  blade  row? 

To  address  the  first  two  issues,  we  repeated  Hoying’s  computations  with  the  addition  of  a 
stator  blade  row  and  with  or  without  a  large  shear  layer  at  the  casing  (i.e.  to  model 
viscous  versus  inviscid  casing  wall  situation).  Single  blade  passage  rotor-stator 
calculations  showed  that  the  only  effect  of  the  casing  shear  layer  is,  as  expected,  to  cause 
the  tip  vortex  trajectory  to  move  to  the  leading  edge  at  a  higher  mass  flow  due  to  the 
lower  incoming  velocity  in  the  tip  region. 

However,  the  multi-bladed  calculations  show  a  difference  in  the  stall  inception  process  in 
the  presence  of  a  stator  and/or  casing  shear  layer.  First,  simply  adding  a  stator  caused  the 
compressor  to  exhibit  long  length-scale  (modal)  stall  inception.  It  is  likely  that  the 
addition  of  the  stator  changed  the  system  to  stall  by  modes.  This  effect  of  adjacent  blade 
row(s)  on  stall  is  in  agreement  with  the  work  by  Gong  [3]  on  modeling  multi-stage 
compressor  instability. 

With  a  casing  shear  layer  representative  of  the  incoming  boundary  layer  seen  by  an 
embedded  stage,  short  length-scale  disturbances  do  appear  in  the  tip  region,  as  in 
Hoying’s  single  rotor  computations,  but  do  not  grow.  On  a  preliminary  basis,  we  may 
thus  deduced  that  the  casing  boundary  layer  can  affect  the  rotor-stator  stage  stalling 
behavior. 

To  complement  the  analytical/computational  effort,  we  have  also  examined  data  from 
several  organizations.  Specifically  experimental  data  from  a  low  speed  multistage 
compressor  at  Whittle  laboratory  [4]  appear  not  to  indicate  the  tip  vortex  trajectory  at  the 
rotor  leading  edge  for  spike  stall  inception  while  data  from  an  axial  pump  [5]  with  a  high 
rotor  stagger  angle  and  a  large  casing  boundary  layer  showed  the  tip  vortex  trajectory  at 
the  leading  edge  prior  to  stall.  Numerical  simulations  by  Van  Zante  [6]  for  NASA 
Compressor  Stage  35  also  showed  that  tip  vortex  trajectory  moves  to  the  rotor  leading 
edge  as  compressor  is  throttled  toward  stall. 

We  infer  from  the  above  that:  (i)  there  can  be  blade  events  other  than  the  tip  vortex 
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trajectory  position  (relative  to  rotor  leading  edge)  that  can  set  compressor  stall,  and  (ii) 
flow  event  that  set  spike  stall  inception  depends  on  compressor  design  parameters  and 
casing  boundary  layer. 

4.3  Current  and  Future  Work 

Based  on  results  obtained  in  the  past  year  as  described  in  the  above,  the  following 
questions  need  to  be  addressed  for  an  adequate  parameterization  of  compressor  stall 
inception: 

(1)  What  determine  the  flow  event(s)  on  the  blade  passage  level  that  set  compressor  stall 
inception? 

(2)  If  compressor  tip  clearance/endwall  flow  limit  compressor  stability,  what  specific 
aspects  of  (e.g.  tip  vortex  trajectory  vs  blockage  associated  with)  the  casing  endwall/ 
clearance  flow  play  the  role  of  initiating  compressor  stall? 

(3)  What  sets  short-length  scale  (spike)  versus  long-length  scale  (modal)  stall  inception? 

Resolution  of  the  these  questions  would  enable  the  delineation  of  conditions  for  a  specific 
route  to  compressor  stall,  and  the  development  of  effective  methodologies  to  manage 
compressor  stability  margin. 
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Abstract 

In  a  numerical/theoretical  effort,  we  are  investigating  the  dynamical  behavior  of  co¬ 
herent  structures  in  unforced,  and  periodically  forced,  turbulent  wall  jets.  Experi¬ 
mental  research  by  Wygnanski  and  co-workers  (Wygnanski  1997)  has  provided  con¬ 
siderable  evidence  that  periodically  forced  wall  jets  (tangential  oscillatory  blowing) 
may  be  an  effective  method  for  the  control  of  separation  of  flows  over  single-element 
or  segmented  airfoils  (including  flaps).  However,  many  of  the  fundamental  mecha¬ 
nisms  that  are  responsible  for  the  often  striking  effect  of  oscillatory  blowing  are  not 
yet  understood.  Therefore,  in  close  collaboration  with  the  experimental  effort,  direct 
numerical  simulations  (DNS),  large-eddy  simulations  (LES),  and  stability  investiga¬ 
tions  are  being  carried  out  for  typical  wall  jet  configurations.  These  configurations 
arise  when  periodic  forcing  is  applied  for  separation  control  in  practical  applications, 
e.g.,  separation  control  for  flows  over  airfoil/flaps.  To  this  end,  we  are  performing 
numerical  simulations  for  weak  wall  jets,  that  is,  for  wall  jets  that  are  embedded  in  a 
strong  external  stream.  Future  simulations  are  also  planned  for  wall  jets  over  curved 
surfaces.  The  work  described  is  a  continuation  of  a  research  effort  funded  previously 
by  AFOSR,  where  the  major  emphasis  has  been  on  strong  wall  jets  (no  external 
stream  or  a  weak  external  stream)  and  for  flat  plate  surfaces  only.  Most  of  the  neces¬ 
sary  numerical  tools  required  for  the  present  and  future  numerical  simulations  were 
developed  during  this  previous  research  effort  (e.g.  Navier-Stokes  codes  for  DNS  and 
LES).  The  goal  of  the  present  research  effort  is,  with  the  joint  experimental/numerical 
approach,  to  uncover  the  governing  physical  mechanisms  responsible  for  the  striking 
effect  of  oscillatory  blowing  on  separation,  and  thus  provide  the  physical  understand¬ 
ing  required  to  further  develop  this  technique  for  practical  use.  Towards  this  end 
we  are  performing  simulations  using  simplified  model  geometries  that  allow  a  reliable 
investigation  of  the  relevant  mechanisms  and  prevent  contamination  by  effects  that 
are  not  relevant. 

Over  the  past  decade,  a  great  amount  of  experimental  work  has  been  performed  by 
Wygnanski  and  coworkers  (Wygnanski  1997)  which  clearly  demonstrates  the  effec¬ 
tiveness  of  using  pulsed  wall  jets  for  delaying  separation.  The  setup  of  one  such 
experiment  (Seifert  et  al.  1993)  is  illustrated  in  Figure  la.  As  an  ultimate  goal  of 
our  computational  research  we  plan  to  investigate  the  flow  over  actual  slotted  flaps 
(Figure  lb).  However,  this  geometry  is  very  complex  since  effects  of  adverse  pressure 
gradient  and  curvature  are  present  simultaneously.  Therefore,  we  have  focussed  first 
on  flat  surface  geometries  (Figure  lc)  in  order  to  isolate  the  influence  of  the  adverse 
pressure  gradient  on  weak  wall  jets. 
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The  Navier-Stokes  codes  employed  for  our  numerical  investigations  were  originally 
developed  in  our  research  group  for  boundary  layer  transition  and  have  since  been 
adapted  to  the  wall  jet  flow  geometry.  In  these  codes,  the  complete  incompressible 
Navier-Stokes  equations  are  solved  in  vorticity- velocity  formulation.  For  the  time 
integration,  a  fourth-order  Runge-Kutta  method  is  employed.  For  the  spatial  dis¬ 
cretization  in  the  streamwise  and  the  wall-normal  directions,  fourth-order  accurate 
compact  differences  are  used,  while  the  spanwise  direction  is  treated  pseudo-spectrally. 
For  the  LES  of  turbulent  wall  jets,  as  a  first  step,  a  basic  Smagorinsky-type  subgrid- 
scale  model  (suggested  by  Speziale  1995)  was  implemented  into  the  Navier-Stokes 
code  using  a  constant  Smagorinsky  coefficients.  As  we  have  reported  in  the  AFOSR 
contractor  meeting  last  year,  this  baseline  eddy-viscosity  model  performs  reasonably 
well  for  LES  of  zero-pressure  gradient  weak  wall  jets.  However,  from  preliminary 
calculations  we  know  that  this  baseline  model  cannot  properly  estimate  the  subgrid- 
scale  stress  for  more  complex  flows  (such  as  wall  jet  flows  with  strong  adverse  pressure 
gradients)  which  may  be  close  to  separation  (Figure  lc).  Therefore,  we  are  currently 
implementing  a  new  subgrid-scale  model  into  the  wall  jet  codes.  This  model  has  been 
developed  in  cooperation  with  C.  Speziale  of  Boston  University  (Speziale  1998).  The 
new  subgrid-scale  model  is  based  on  the  algebraic  stress  model  (ASM),  developed 
originally  by  Gatski  and  Speziale  (1993),  that  allows  for  a  misalignment  between  the 
stress  and  strain  rate  tensor  as  it  occurs  in  non-equilibrium  flows.  A  key  feature  of 
the  new  LES  model  is  that  it  is  consistent  with  DNS  for  fine  grid  resolution  and 
with  Reynolds  Averaged  Navier-Stokes  (RANS)  calculations  for  coarse  grid  resolu¬ 
tion.  The  performance  of  the  LES  code  with  the  new  model  has  been  evaluated  in  the 
RANS  limit  for  a  turbulent  boundary  layer  and  for  a  turbulent  strong  wall  jet.  For 
both  types  of  flows  very  good  agreement  with  the  published  literature  was  achieved. 
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Figure  2:  Test  case  for  the  new  LES  methodology:  RANS  calculation  of  a  weak  wall 
jet  blown  into  a  turbulent  boundary  layer  through  a  slot  at  a  shallow  angle  (5.4°). 
Comparison  of  the  streamwise  velocity  components  computed  with  ASM  and  with  a 
standard  k  —  e  model. 

For  further  testing  of  the  model  we  performed  RANS  calculations  of  a  turbulent  weak 
wall  jet  which  was  generated  by  blowing  into  a  turbulent  boundary  layer  through  a 
slot  at  a  shallow  angle  (geometry  in  Figure  lc).  Over  the  blowing  slot,  streamwise 
and  wall-normal  velocity  profiles  are  specified.  This  simple  approach  for  modeling  the 
blowing  slot,  while  allowing  for  some  flow  adjustment  close  to  the  slot,  produces  the 
correct  downstream  development  of  the  wall  jet,  as  was  demonstrated  in  earlier  sim¬ 
ulations  (DNS  of  laminar  wall  jets,  LES  of  turbulent  wall  jets  using  the  Smagorinsky 
baseline  model).  For  the  new  LES,  a  Dirichlet  boundary  condition  is  also  imposed  for 
the  turbulent  kinetic  energy  (ksiot  >  0).  ksiot  provides  a  measure  for  the  turbulence 
level  within  the  injected  fluid.  We  have  verified  that  the  choice  of  ks[ot  only  influences 
the  flow  close  to  the  blowing  slot  and  is  not  crucial  for  the  development  of  the  weak 
wall  jet  further  downstream.  This  is  illustrated  in  Figure  2,  where  the  streamwise 
development  of  the  wall  jet  velocity  is  compared  for  three  different  RANS  calcula¬ 
tions:  ASM  with  ksi0t  =  0.012  (case  1),  standard  k  -  e  model  with  ksiot  =  0.012  (case 
2),  standard  k  —  e  model  with  ksiot  —  0.002  (case  3).  While  the  three  cases  differ 
close  to  the  blowing  slot,  they  are  all  in  good  agreement  further  downstream.  Over 
the  blowing  slot,  the  standard  k  —  e  model  is  certainly  not  well  calibrated,  and,  as  a 
result,  it  is  very  dissipative  (case  2).  Consequently,  the  weak  wall  jet  initially  decays 
more  rapidly  than  for  the  ASM  (case  1).  This  can  be  offset  by  reducing  ksiot.  The 
k  —  e  model  (case  3)  then  matches  the  ASM  result  (case  1)  even  close  to  the  slot. 
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a)  ASM,  ksiot=0.012  b)  ASM,  ksiot=0.005 

Figure  3:  Unsteady  RANS  calculation  of  weak  wall  jet  using  ASM.  Shown  are  per¬ 
spective  plots  of  the  streamwise  velocity  for  two  different  levels  of  turbulent  kinetic 
energy  that  are  specified  over  the  blowing  slot  ( ksi0t ). 


An  important  feature  of  the  new  LES  methodology  is  the  fact  that  it  allows  for  un¬ 
steady  calculations  even  in  the  RANS  limit.  This  is  accomplished  by  the  use  of  a 
time-accurate  Navier-Stokes  code  and  the  use  of  the  self-adjusting  turbulence  model 
(ASM).  An  example  is  provided  in  Figure  3  which  shows  perspective  plots  of  the 
streamwise  velocity  for  two  RANS  calculation  using  ASM  with  different  levels  of 
ksiot •  While  in  the  case  of  ksi0t  —  0.012  (Figure  3a)  the  flow  converges  to  a  steady 
state,  in  the  the  case  of  ksiot  =  0.002  (Figure  3b),  downstream  traveling,  unsteady 
structures  are  observed.  These  structures  originate  in  a  small  separation  bubble  which 
has  formed  right  downstream  of  the  blowing  slot.  Note,  that  for  smaller  ksi0t  the  jet 
has  less  turbulent  intensity,  and,  as  a  consequence,  turbulent  mixing  is  decreased. 
Therefore,  locally  the  jet  can  separate  from  the  surface.  When  the  standard  k  —  e  is 
used  instead  of  the  ASM,  a  separation  bubble  occurs  only  for  a  much  smaller  ksiot, 
and  even  when  vortical  structures  are  eventually  generated,  they  decay  very  rapidly. 

In  parallel  with  the  development  of  our  code  employing  the  new  LES  methodology,  we 
have  investigated  turbulent  weak  wall  jets  using  LES  with  the  Smagorinsky  baseline 
model.  Towards  the  goal  of  investigating  tangential  blowing  as  a  tool  for  separation 
prevention  on  an  airfoil  geometry,  we  have  studied  the  effect  of  tangential  blowing 
into  a  turbulent  boundary  layer  with  an  adverse  pressure  gradient.  A  typical  case  of 
such  investigations  is  presented  in  Figure  4.  In  the  absence  of  blowing,  the  turbulent 
boundary  layer  separates  due  to  the  strong  adverse  pressure  gradient,  as  illustrated  in 
Figure  4a.  When  steady  blowing  is  employed  (not  shown),  the  flow  remains  attached, 
although  it  gets  close  to  separation.  With  additional  periodic  forcing  (Figure  4b) 
the  flow  does  not  come  close  to  separation.  This  can  be  seen  most  clearly  from 
the  skin  friction  coefficient  plotted  in  Figure  5  for  the  three  cases.  While  forcing 
the  weak  wall  jet  clearly  produces  two-dimensional  coherent  structures  (Figure  4b), 
their  growth  rate  is  lower  than  could  be  expected  from  experimental  findings  (Zhou, 
personal  communication) .  It  is  suspected  that  the  baseline  Smagorinsky  model  which 
was  employed  in  this  LES  provided  too  much  dissipation. 
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'-"steady  blowing  (5.4°)  x-direction,  [m] 

+  periodic  forcing  (f=1 10Hz) 

b)  turbulent  boundary  layer  with  forced  wall  jet 

Figure  4:  Turbulent  flat-plate  boundary  layer  subjected  to  strong  adverse  pressure 
gradient.  Separation  prevention  using  a  weak  wall  jet.  Shown  are  color-contours  for 
the  2-D  Fourier  component  of  the  instantaneous  spanwise  vorticity. 
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Figure  5:  Streamwise  development  of  time-averaged  flow  quantities  for  the  calcula¬ 
tions  shown  in  Figure  4. 
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Future  Work 

For  the  remainder  of  the  present  research  project,  we  will  further  test  the  new  LES 
methodology  for  computing  unforced  and  forced  turbulent  weak  wall  jets.  The  new 
LES  methodology  will  then  be  employed  for  investigating  turbulent  weak  wall  jets 
used  for  separation  prevention  (Figure  4).  We  expect  that  with  the  new  LES  approach 
the  development  of  coherent  structures  in  the  flow  will  better  match  experimental 
findings.  As  a  next  step,  we  plan  to  incorporate  a  curved  grid  geometry  into  our  LES 
code.  This  will  enable  us  to  study  the  effect  of  curvature  on  weak  wall  jets  (Figure 
lb).  A  Navier-Stokes  code  for  computing  on  curved  wall  geometries  is  already  in  use 
for  DNS  of  the  turbulent  flow  over  a  Stratford  ramp  (Zhang  and  Fasel  1999). 
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I.  Overview  .  ,  . ,  .  .  .  - 

The  global  aerodynamic  forces  on  lifting  surfaces  are  manipulated  by  dynamic  control  ot 
flow  reattachment  and  separation  using  fluidic  actuators  based  on  synthetic  (zero  net 
mass  flux)  jet  technology  that  has  been  developed  at  Georgia  Tech  (Smith  and  Glezer, 
1998).  The  efficiency  of  synthetic  jets  for  modifying  the  aerodynamic  characteristics  of 
an  unconventional  airfoil  has  been  demonstrated  in  a  series  of  wind  tunnel  experiments 
(Smith  et  al„  1998  and  Amitay  et  al„  1998,  1999)  at  moderate  Reynolds  numbers  (up  to 
106)  and  resulted  in  a  dramatic  increase  in  lift  coupled  with  a  decrease  in  pressure  drag. 
The  jets  are  typically  operated  at  frequencies  that  are  an  order  of  magnitude  higher  than 
the  shedding  frequency  of  the  airfoil  [F+  ~  0(1)]  and  because  they  are  zero  net  mass  flux 
in  nature,  their  interaction  with  the  cross  flow  leads  to  local  modification  of  the  apparent 
shape  of  the  flow  surface.  Full  or  partial  reattachment  including  the  controlled  formation 
of  a  closed  separation  bubble,  can  be  effected  by  the  streamwise  location  and  the  strength 
of  the  jets.  The  excitation  is  effective  over  a  broad  streamwise  domain  that  extends  well 
upstream  of  where  the  flow  separates  in  the  absence  of  actuation  and  even  downstream  of 
the  front  stagnation  point  on  the  pressure  side  of  the  airfoil. 

In  the  present  experiments,  the  response  of  the  flow  to  time-modulated  control  input  is 
measured  in  the  cross  stream  plane  of  the  airfoil  wake  using  jet  frequencies  that  are  either 
well  above  or  of  the  same  order  as  the  natural  shedding  frequency  [i.e.,  F  ~  0(10)  and 
~  0(1),  respectively].  For  both  frequency  ranges,  the  collapse  of  the  separated  flow 
region  is  associated  with  a  strong  momentary  reduction  in  lift  followed  by  a  substantial 
increase  in  the  mean  lift.  However,  while  at  F+  ~  0(10)  the  shedding  of  organized  vortical 
structures  subsides  following  the  initial  transient,  at  F+  ~  0(1)  actuation  leads  to  a  time- 
periodic  shedding  of  a  train  of  vortices  (at  the  actuation  frequency)  that  correspond  to 
(peak  to  peak)  lift  coefficient  fluctuations  (at  F+  =  0.95)  of  up  to  45%  of  the  mean  lift. 


II.  Experimental  Setup  . 

The  experiments  are  conducted  in  an  open  return,  low-speed  wind  tunnel  (maximum 
speed  of  32m/sec)  having  a  square  test  section  measuring  0.91m  on  the  side.  The  airfoil 
model  spans  the  entire  test  section  and  is  comprised  of  a  leading  edge  circular  cylinder 
mounted  within  an  aerodynamic  fairing  that  is  based  on  a  uniformly  stretched  NACA 
four-digit  series  symmetric  airfoil  as  shown  schematically  in  Figure  1.  The  62.2mm 
diameter  cylinder  can  be  rotated  about  its  axis  within  the  fairing  and  it  is  tangent  to  the 
surface  of  the  fairing  at  the  apexes  of  its  cross-stream  edges  (i.e.,  +/-90 )  where  the  airfoil 
has  its  maximum  thickness.  The  chord  of  the  combined  cylinder-fairing  airfoil  is  25.4cm, 
its  thickness  to  chord  ratio  is  24%  and  its  angle  of  attack,  a,  can  be  independently  varied 
between  -25°  and  25°.  The  center  section  of  the  cylinder  houses  a  pair  of  adjacent 
synthetic  jet  actuators  each  having  a  flush  mounted  rectangular  orifice  (0.5mm  wide  and 
140mm  long),  such  that  the  orifices  are  colinear  with  respect  to  the  axis  of  the  cylinder 
along  their  long  dimension,  and  separated  by  2.5mm.  The  performance  of  each  jet  is 
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quantified  in  terms  of  the  conventional  momentum  coefficient,  CM.  The  center  section  of 
the  cylinder  and  the  fairing  are  instrumented  with  92  pressure  ports.  Cross  stream 
distributions  of  the  streamwise  and  cross  stream  velocity  components  are  measured  in  the 
wake  of  the  airfoil  using  hot  wire  sensors  having  X-wire  configuration  that  are  mounted 
on  a  computer-controlled  traversing  mechanism. 

Uo 


Figure  1.  Airfoil  model. 


III.  Results 

The  effect  of  the  forcing  frequency  on  the  flow  field  around  the  airfoil  is  discussed  in 
detail  in  an  earlier  paper  by  Amitay  et  al.  (1999).  The  measurements  are  taken  at  an  angle 
of  attack  of  17.5°,  a  free  stream  velocity  of  18.5  m/s,  the  actuator  jets  are  at  an  angle 
y  =  60°  relative  to  the  oncoming  flow  and  have  a  combined  momentum  coefficient  of 
1.8x1  O'3.  The  transient  response  of  the  flow  to  pulsed  excitation  is  measured  in  the  wake 
of  the  airfoil  at  x/c  =  2,  phase-locked  to  the  modulating  pulse. 

The  transient  effects  of  pulsed  modulation  are  shown  in  gray  scale  raster  plots  of  the 
phase-averaged  cross-stream  distributions  of  the  spanwise  vorticity  (computed  from  the 
measured  phase-averaged  velocity  field)  for  F+  =  10  and  F+  =  0.95  (Figures  2a  and  2b, 
respectively).  Corresponding  time-averaged  cross-stream  spanwise  vorticity  distributions 
of  the  unforced  and  forced  flows  are  shown  for  reference  on  the  right  hand  side  of  each 
phase  plot  (using  open  and  solid  symbols,  respectively).  The  reattachment  begins  with 
the  advection  of  a  strong  clockwise  vortex  past  the  measurement  station  indicating  a 
reduction  in  lift  that  is  followed  closely  by  a  stronger  counter-clockwise  vortex  indicating 
the  re-establishment  of  lift.  For  the  high  frequency  forcing  (Figure  2a)  these  vortices  are 
followed  by  a  series  of  smaller  vortices  of  alternating  signs  and  diminishing  strength. 
The  reduced  wake  of  the  attached  flow  ultimately  reaches  a  quasi  steady  state  of 
symmetric  vorticity  distribution  as  can  be  seen  for  t/T  >  300  (T  is  the  excitation  period). 
In  contrast  to  the  reattachment  at  F+  ~  0(10),  when  the  reduced  actuation  frequency  is 
0(1)  (Figure  2b),  the  reattachment  is  followed  by  the  coherent  shedding  of  a  train  of 
strong  vortices  at  the  actuation  frequency.  When  the  (pulse  modulation)  control  is  turned 
off,  the  flow  separates  again  and  the  airfoil  loses  its  lift.  This  reduction  in  lift  is 
accompanied  by  a  decrease  in  circulation  and  the  shedding  of  negative  (clockwise) 
vorticity. 

In  order  to  further  demonstrate  the  effect  of  the  forcing  frequency  on  the  dynamics  of  the 
flow  reattachment,  the  synthetic  jets  are  driven  at  six  frequencies  corresponding  to 
F+  =  0.95,  2.05,  3.4,  10,  14.7  and  20.  Actuation  at  low  F+  (0.95,  2.05  and  3.4)  is  effected 
using  two  pressure  speakers  mounted  at  the  opposite  ends  of  the  cylinder,  while  the  high 
frequency  forcing  is  obtained  using  piezoelectric-based  actuators  described  by  Amitay  et 
al.  (1998)  that  are  mounted  within  the  cylinder  cavity,  directly  below  the  jet  orifice.  The 
present  experiments  have  shown  that  at  F+  >  3.5,  the  effectiveness  of  jets  produced  by  the 
speakers  is  significantly  diminished  due  to  three-dimensional  acoustic  effects  and  the 
appearance  of  standing  waves  within  the  cavity  of  the  cylinder.  Hot  wire  measurements 
of  the  spanwise  velocity  distributions  in  the  presence  of  tunnel  flow  (not  shown)  have 
revealed  spanwise  non-uniformities  and  phase  reversal  at  high  (F+  ~  0(10))  frequencies. 
The  velocity  distributions  of  the  piezoelectric-based  drivers  that  are  normally  used  at  high 
reduced  frequencies  do  no  reveal  any  spanwise  non-uniformities  over  their  entire 
operating  range. 
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Figure  3  shows  a  comparison  between  pressure  coefficient  distributions  around  the  airfoil 
at  F+=  10  when  the  actuation  is  effected  using  speakers  (solid  circles)  and  piezoelectric- 
based  drivers  (open  symbols).  Here,  the  airfoil  is  at  a  =  15  ,  control  is  applied  at  y  =  60  , 
C  =  1.8 10'3  and  the  chord  Reynolds  number  is  Rec  =  310,000.  From  the  figure  it  is  clear 
that  the  effectiveness  of  synthetic  (zero  net  mass  flux)  jets  at  high  reduced  frequencies  is 
greatly  influenced  by  the  actuator  performance.  While  forcing  with  the  piezoelectric- 
based  drivers  results  in  complete  reattachment  of  the  flow  to  the  airfoil,  forcing  with 
speaker-based  drivers  (associated  with  a  much  larger  internal  cavity)  results  in  a  very 
small  effect  in  the  vicinity  of  the  jets. 

Figure  4a  shows  distributions  of  pressure  coefficient  around  the  airfoil  at  F+  =  0.95 
(circles),  2.05  (stars)  and  3.4  (triangles),  while  Figure  4b  shows  the  pressure  distributions 
at  F+  =10  (circles),  14.7  (stars)  and  20  (triangles).  The  pressure  distribution  for  the 
unforced  flow  (solid  line)  is  also  shown  in  each  figure  for  comparison.  Forcing  at  low 
frequencies  (Figure  4a)  results  in  a  very  sharp  suction  peak  at  x/c  =  0.075,  which 
corresponds  to  the  location  of  the  separation  in  the  unforced  case  with  continuos  pressure 
recovery  towards  the  trailing  edge.  Although  the  magnitude  of  the  suction  peak  appears 
to  be  independent  of  the  excitation  frequency  (within  the  range  tested  here)  it  appears  that 
the  degree  of  pressure  recovery  towards  the  trailing  edge  decreases  with  increasing 
excitation  frequency,  and  is  accompanied  by  an  increase  in  pressure  drag.  However, 
when  the  control  input  is  applied  at  F+  >  10  (i.e.,  more  than  an  order  of  magnitude  higher 
than  the  shedding  frequency,  F+  =  0.7),  the  pressure  distribution  on  the  airfoil  (Figure  4b) 
exhibits  larger  and  wider  suction  peak  than  the  lower  forcing  frequencies,  and 
consequently  a  larger  increase  in  the  lift  coefficient.  It  is  also  noteworthy  that 
downstream  of  the  suction  peak  the  pressure  difference  between  the  suction  and  pressure 
sides  is  smaller  than  at  corresponding  stations  for  the  low  frequency  forcing  resulting  in  a 
lower  pressure  drag.  Moreover,  while  at  the  low  forcing  frequencies  (Figure  4a)  the 
pressure  distribution  varies  with  the  forcing  frequency,  at  high  forcing  frequencies 
(Figure  4b)  the  pressure  distribution  is  virtually  invariant. 

Integration  of  the  pressure  distributions  around  the  airfoil  for  the  different  reduced 
frequencies  yields  the  coefficients  of  lift  and  pressure  drag,  as  well  as  the  lift-to-pressure 
drag  ratio  which  is  shown  in  Figure  5.  Two  distinct  domains  are  immediately  apparent. 
In  the  first  domain  (I),  in  which  the  forcing  frequencies  are  of  the  same  order  of  the 
shedding  frequency  (F+  <  4)  L/Dp  decreases  with  increasing  forcing  frequency.  While  this 
trend  might  be  expected  based  on  the  receptivity  of  the  separated  shear  layer,  it  may  also 
be,  at  least  partially,  attributed  to  degradation  in  the  performance  of  the  acoustic  drivers  at 
higher  operating  frequencies.  In  the  second  domain  (marked  as  II  in  the  figure),  the 
forcing  frequency  is  more  than  an  order  of  magnitude  higher  than  the  shedding  frequency 
(F+  >  10)  and  the  lift-to-pressure  drag  is  1.3  times  higher  than  at  F+  =  0.95  and  appears  to 
be  independent  of  the  forcing  frequency. 

To  further  explore  the  differences  between  the  two  frequency  regimes,  the  flow  response 
to  pulse  (hat  shaped)  amplitude  modulation  of  the  control  input  at  the  different  forcing 
frequencies  is  investigated  using  the  phase-averaged  circulation  about  the  airfoil,  which  is 
computed  from  the  vorticity  flux  in  the  wake  (Amitay  and  Glezer,  1999).  (In  what 
follows,  a  negative  increment  in  the  steady  circulation  corresponds  to  a  positive 
increment  in  lift).  Figures  6a-d  show  the  time  history  of  the  (phase-averaged) 
incremental  change  in  circulation  with  respect  to  the  unforced  flow  for  F+  =  0.95,  2.05, 
3.4  and  10,  respectively.  As  is  evident  from  these  data,  the  transition  from  separated  to 
attached  flow  is  accompanied  by  large  fluctuation  in  circulation  and  the  organized 
shedding  of  vorticity  concentration  of  alternating  signs.  In  all  cases,  the  time-averaged 
circulation  (and  consequently  the  lift  coefficient)  reaches  the  same  magnitude  following 
the  transients.  However,  at  F+  =  0.95,  2.05  (Figures  6a  and  b,  respectively)  the  circulation 
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oscillates  at  the  forcing  frequency  with  peak-to-peak  fluctuations  that  decrease  from  45% 
to  7%,  respectively,  of  mean  circulation  of  the  attached  flow.  When  the  forcing 
frequency  is  increased  to  F+  =  3.4  and  10  (Figures  6c  and  d),  the  oscillations  at  the  driving 
frequency  are  immeasurable  and,  as  shown  in  Figure  5,  there  is  a  nominal  increase  of 
approximately  35%  in  lift-to-pressure  drag  ratio  compared  to  the  low  frequency. 
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y/b  o 
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Figure  2.  Phase-averaged  grayscale  raster  plot  of  the  cross-stream  distribution  of  the 
spanwise  vorticity  along  with  the  corresponding  time-averaged  spanwise  vorticity  on  the 
right;  F+=10  (a)  and  0.95  (b). 


Figure  3.  Effect  of  non-uniform  spanwise  forcing  on  the  Cp  distribution. 

Immediately  following  the  termination  of  the  modulated  control  and  before  the 
circulation  decreases  to  its  level  for  the  separated  flow,  there  is  an  increase  in  the 
(negative)  circulation  that  is  associated  with  a  momentary  increase  in  lift.  This 
phenomenon  which  appears  to  be  similar  to  the  variation  of  the  circulation  (and  lift) 
during  dynamic  stall  is  the  subject  of  our  recent  work  (Amitay  and  Glezer,  1999)  which 
focuses  on  pulse  width  modulation  of  vorticity  concentrations  for  lift  enhancement  in  a 
reattaching  separated  flows. 
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Figure  4.  Cp  distributions  at  a  =  17.5°  and  y  =  60°.  F+~  0(1)  (a)  and  F+~  0(10)  (b). 
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Figure  5.  The  effect  of  the  forcing  frequency  on  the  lift-to-pressure  drag  ratio. 
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Figure  6.  Phase-averaged  circulation  increment  for  a  =17.5°  and  y  =  60°  at  different  F\ 
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The  flow  associated  with  low-  and  high-forcing  frequencies  are  demonstrated  in  a 
sequence  of  smoke  visualization  images  in  Figures  7a-c  (the  separated  flow,  in  the 
absence  of  control,  is  shown  for  reference  in  Figure  7a).  The  smoke  is  injected  in  a  sheet 
at  center  span  and  is  illuminated  using  a  YAG  laser.  The  field  of  view  is  restricted  to 
0.1  <  x/c  <  0.5  above  the  airfoil  (shown  schematically  in  the  insert  in  Figure  7a).  When 
the  control  jets  are  operated  at  F+  =  10  (Figure  7b),  the  flow  is  attached  to  the  airfoil  and 
the  visualization  shows  a  train  of  coherent  vortical  structures  at  the  operating  frequency 
of  the  jets.  Spectral  measurements  along  the  surface  of  the  airfoil  (not  shown)  indicate 
that  these  vortices  quickly  lose  their  identity  and  vanish  well  before  they  reach  the  trailing 
edge  of  the  airfoil.  When  the  actuation  frequency  is  F+=1.4  (Figure  7c),  the 
reattachment  is  characterized  by  the  formation  of  larger  vortical  structures  that  scale  with 
the  chord  of  the  airfoil  and  persist  well  beyond  the  trailing  edge  of  the  airfoil  and  into  its 
wake  (Amitay  et  al.,  1999).  It  appears  that  because  the  formation  frequency  of  these 
vortices  couples  with  the  natural  shedding  frequency  of  the  airfoil,  they  are  actually 
enhanced  with  downstream  distance  as  might  be  predicted  by  stability  theory.  It  is  the 
formation  and  shedding  of  these  vortical  structures  that  leads  to  time-periodic  variations 
in  lift. 
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Abstract 

We  are  applying  a  recently  developed  direct  numerical  simulation  approach  to  the  devel¬ 
opment  of  MEMS  incorporating  both  active  and  passive  elements  for  turbulent  boundary 
layer  control.  We  have  already  carried  out  simulations  of  synthetic  jets  and  textured  sur¬ 
faces  and  will  model  concepts  involving  hybrid  active/passive  elements  as  well  as  other 
surface  textures  related  to  riblets.  We  have  completed  a  flow  and  geometric  parameter 
study  of  synthetic  jets  and  have  gained  valuable  insight  into  the  detailed  physics  of  the 
actuators.  We  here  present  the  results  from  simulations  of  periodic  arrays  of  2-D  pulsed 
synthetic  jets  into  an  initially  quiescent  flow  and,  separately,  preliminary  simulations 
of  turbulent  flow  over  arrays  of  chevrons.  While  the  synthetic  jet  simulations  are  at 
much  higher  Reynolds  numbers  than  needed  for  MEMS  drag  reduction  in  a  turbulent 
boundary  layer,  they  do  provide  a  basis  for  comparisons  with  experiments  and  with 
simulations  of  others. 

Background 

Recent  advances  have  made  it  possible  to  directly  simulate  turbulent  flow  within  mod¬ 
estly  complex  boundary  geometries  using  the  full  Navier-Stokes  equations.  Such  direct 
numerical  simulation  (DNS)  may  be  used  to  explore  the  effects  of  fine  scale  surface 
textures  and  active  flow  controllers  on  a  fully  turbulent  boundary  layer.  Surface  mod¬ 
ifications  can  have  several  applications  but  of  present  interest  is  the  potential  for  drag 
reduction.  Passive  surface  textures  have  been  found  experimentally  to  reduce  drag  by 
five  to  ten  percent,  as  reviewed  in  [1]  and  [2].  Consequently,  there  is  much  interest  in  the 
potential  of  arrays  of  active  flow  manipulators  for  much  greater  drag  reduction.  MEMS 
elements  have  been  manufactured  with  photolithographic  techniques  akin  to  those  used 
to  make  computer  chips.  Such  devices  have  been  used  to  measure  surface  shear  stress  dis¬ 
tributions  in  synthetic  and  fully  turbulent  boundary  layers  [3]  and  have  been  integrated 
with  actuators  in  a  feed-forward  control  approach  [4]. 

Objectives 

The  objectives  of  the  present  study  are  to  use  our  CFD  approach  to  investigate  boundary 
layer  control  devices,  to  expand  on  our  initial  investigations  of  MEMS,  to  explore  a  range 
of  new  surface  textures,  and  to  develop  a  fundamental  understanding  of  the  resulting 
boundary  layer  structure.  In  particular  we  aim  to  (1)  model  arrays  of  actuators  for 
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comparison  to  experiment,  (2)  model  a  pulse  jet’s  impact  on  boundary  layer  coherent 
structures,  (3)  examine  the  usefulness  of  combining  actuators  and  sensors  with  passive 
surface  texturing,  and  (4)  determine  the  usefulness  of  a  few  new  surface  texture  concepts. 
We  report  here  on  results  from  work  on  items  (1)  and  (4). 

Force  Field  Model  in  a  Spectral  Method 
We  use  a  spectral-DNS  method  initially  developed  to  examine  turbulent  channel  flow 
[5].  This  method  expands  the  spatial  variables  with  Fourier  and  Chebyshev  polynomials. 
Efficient  transform  methods  are  used  to  switch  between  real  and  spectral  representations 
making  this  method  attractive  for  its  low  computational  cost  and  accuracy  in  simply- 
shaped  domains.  We  use  a  localized  force  field  to  simulate  stationary  and  moving  sur¬ 
faces.  Such  technique  allows  us  to  utilize  the  fast  transform  methods  in  fairly  complex 
geometries.  This  approach,  detailed  in  [6],  was  used  by  us  to  successfully  simulate  a 
number  of  active  and  passive  devices  in  fully  turbulent  flow  [7,8].  Our  results  for  flow 
over  flat  plates  and  riblets  [6,9]  have  been  validated  against  both  experiments  and  other 
numerical  simulations. 

Modeling  an  Array  of  Actuators 

Our  work  is  distinct  from  other  synthetic  jet  simulations  [10,11]  in  both  the  simulation 
method  and  the  problem  description.  In  [10],  a  turbulence  model  is  used  to  model  high 
Reynolds  number  flow  and  the  simulation  concentrates  mainly  in  the  far  field.  In  [11],  the 
cavity  is  defined  with  a  moving  boundary  modeling  the  motion  of  a  flexible  diaphragm 
and  the  internal  and  external  flows  are  calculated  on  separate  grids  simultaneously. 
As  seen  in  the  schematic  drawing  of  figure  1,  our  approach  simulates  a  piston  motion 
by  imposing  a  sinusoidal-varying  streamwise  velocity  in  a  region  3  cells  thick  with  the 
force  field  method.  No-slip  conditions  are  similarly  used  to  define  the  slit  plane.  In 
addition,  we  impose  a  shear-free  condition  along  the  top  and  bottom  boundaries  to 
simulate  the  effect  of  a  2-D  array  of  jets.  We  have  completed  parametric  studies  involving 
flow  and  geometric  parameters  and  compared  the  results  to  both  numerical  [10,11]  and 
experimental  [12]  data  whenever  possible. 

We  first  examine  the  effect  of  flow  parameters  by  varying  the  Reynolds  and  Strouhal 
numbers.  The  Reynolds  numbers  is  defined  with  the  half-slit  width  (Re  =  Umax(H/2)/u 
where  Umax  is  the  mean  peak  velocity  across  the  slit,  H  is  the  slit  width  and  u  the 
kinematic  viscosity)  and  the  Strouhal  number  is  defined  according  to  the  piston  motion 
(St  =  u(H/2)/Umax  where  ui  =  2irf  is  the  angular  velocity).  The  external  flow  is 
characterized  by  separation  at  the  sharp  lip  and  roll-up  of  fluid  into  a  pair  of  counter¬ 
rotating  vortices.  The  ensuing  jet  has  no  net  mass  flux  but  entrains  fluid  from  the 
surrounding  flow  near  the  slit.  This  entrained  fluid  must  be  drawn  from  the  right- 
hand  side  of  the  domain  along  the  sides  of  the  jet.  At  moderate  and  high  Re,  two 
distinct  types  of  vortex  pairing  are  observed.  The  first  type  occurs  at  moderate  Re 
and  consists  of  pairing  of  the  first,  leading  vortex  pair  with  subsequent  vortices  into  a 
larger  vortical  structure.  Once  this  structure  propagates  far  downstream,  the  simulation 
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reaches  a  steady-state  in  which  subsequent  ejected  vortices  dissipate  before  pairing  can 
occur  (figure  2).  The  second  type  of  pairing  occurs  at  high  Re  and  consists  of  occasional 
pairing  of  vortices.  Apparently  this  is  a  result  of  the  complexity  of  the  plenum  flow 
which  occasionally  causes  internal  vorticity  to  be  ejected  through  the  slit,  affecting 
the  translational  speed  or  celerity  of  the  ejected  vortices  (figure  3).  Variations  in  St 
substantially  affects  the  jet  formation.  At  low  St,  the  piston  has  an  effectively  longer 
stroke  with  a  longer  actuation  time.  The  longer  stroke  causes  both  an  increase  in  mass 
ejected  per  cycle  and  impulse  per  unit  width.  Consequently,  for  low  St,  the  large  vortices 
formed  remain  coherent  far  downstream  and  are  spaced  far  apart  so  that  no  pairing 
occurs.  Conversely,  at  high  St,  the  ejected  vortices  generated  by  each  pulse  continually 
merge  upon  exiting  the  cavity  to  form  vortex  sheets  instead  of  a  sequence  of  distinct 
vortices. 

Inside  the  plenum  there  is  a  similar  process  of  jet  formation  but  the  jet  is  strongly 
influenced  by  the  close  proximity  of  the  piston  face.  The  entering  jet  is  deflected  into  a 
cavity-filling  swirling  motion.  As  noted  in  [11],  the  cavity  flow  becomes  fairly  periodic  for 
all  ranges  of  Re  and  St  explored.  However,  unlike  [11],  the  steady-state  conditions  are 
not  reached  within  a  few  cycles,  but  rather  after  as  many  as  35  cycles.  The  complexity 
of  the  internal  flow  increases  with  Re  so  that  for  high  Re,  some  vorticity  occasionally  is 
ejected  during  a  cycle. 

We  have  parametrically  examined  the  effect  of  lip  thickness  and  shape  and  the  domain 
dimensions.  Thickening  the  lip  around  the  jet  aperture  allows  a  boundary  layer  to 
develop  so  that  the  effective  slit  width  is  reduced  (figure  4).  As  a  result,  the  vortices 
form  with  a  higher  celerity  and  pairing,  if  it  occurs  at  all,  is  delayed  downstream.  A 
rounded  lip  produces  a  result  intermediate  between  the  sharp  lip  and  a  flat  thick  lip.  A 
cusped  lip  has  little  effect  since  separation  occurs  at  the  sharp  tip  and  is  very  similar 
to  the  sharp  lip  case.  Increasing  or  decreasing  the  size  of  the  external  domain  does  not 
affect  the  near  field  appreciably:  vortices  do  not  “feel”  the  presence  of  the  right-hand  side 
wall  until  they  are  very  close  except  due  to  the  mean  backflow  feeding  the  entrainment. 

Unlike  the  external  flow,  the  internal  plenum  flow  is  not  strongly  affected  by  lip  thickness 
or  shape.  However  reducing  the  size  of  the  cavity  does  cause  substantial  changes  in  the 
circulation  cell.  As  the  cavity  becomes  shallower,  the  primary  circulation  cell  flattens 
out  and  allows  secondary  vortices  to  form  at  the  edges  of  the  cavity.  For  very  shallow 
cavities,  most  if  not  all  of  the  main  circulation  cell  is  ejected  during  each  cycle. 

Experimental  results  in  [11]  differ  from  ours  in  that  an  isolated  real  jet  breaks  down  into 
smaller  turbulent  eddies  in  the  vicinity  of  the  slit.  This  breakdown  is  believed  to  be  a 
consequence  of  3-D  instabilities  not  present  in  our  2-D  simulation.  In  addition,  spectral 
studies  of  the  experimental  data  indicate  that  the  jet  breaks  down  without  any  pairing 
interactions.  Aside  from  these  differences  attributable  to  the  fact  that  we  model  2-D 
periodic  arrays  of  jets,  agreement  is  pretty  good.  Our  mean  computational  streamwise 
and  centerline  velocities,  at  several  stations  from  the  jet  slit,  match  experimental  data. 
Moreover,  the  vortices’  trajectories  also  scale  with  the  mean  stroke  length  and  period 
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of  oscillation.  Also  the  jet  centerline  velocity  and  growth  matches  theoretical  scaling 
factors  near  the  slit.  We  have  also  modeled  paired  synthetic  jets  as  in  the  experiments 
of  [13]  and  simulations  of  [14].  As  observed  in  [12],  pulsing  the  jets  in  phase  produces 
counter-rotating  vortices  and  a  jet  similar  to  the  single  jet  case  (figure  5).  Preliminary 
studies  from  pulsing  the  jets  out  of  phase  show  vortex  jet  steering  but  the  results  are 
dominated  by  the  narrowness  of  the  domain  in  the  vertical  y-direction  (figure  6). 

Modeling  New  Surface  Textures 

Results  in  [15]  indicate  that  surface  textures  resembling  randomly  aligned  rows  of  chevrons 
of  height  0(71*)  could  produce  dramatic  drag  reduction  in  turbulent  channel  flow.  We 
have  now  completed  several  DNS  runs  of  similar  configurations.  We  have  explored  differ¬ 
ent  random  and  regular  orientations  and  a  couple  of  different  chevron  shapes  but  so  far 
we  have  been  unable  to  obtain  reduction  in  drag.  We  have  sponsored  a  simplified  version 
of  the  work  in  [15]  as  an  undergraduate  project  to  measure  drag  on  a  chevron-coated- 
flat-plate  with  a  pitot  rake  [16].  However,  preliminary  results  have  also  not  found  any 
substantial  drag  reduction.  We  are  continuing  to  work  on  these  simulations  and  expect 
to  present  results  in  the  near  future. 

Future  Work 

In  the  immediate  future,  we  expect  to  present  detailed  results  on  the  jet  simulations 
at  the  Reno  2000  AIAA  Meeting  and  thus  complete  our  work  on  high  Re  synthetic  jet 
modeling.  In  the  Fall,  we  plan  to  begin  the  analysis  of  existing  turbulent  DNS  data  over 
riblet-like  textures  to  examine  the  correlations  between  those  elements  and  coherent 
structures  in  the  flow.  We  will  then  integrate  low  Re  pulsing  jet  manipulators  with  the 
textured  surface  in  an  attempt  to  more  efficiently  reduce  viscous  drag. 

The  computational  runs  done  to  date  were  performed  on  our  DEC  Alpha  3000/700 
workstations  or  on  a  Cray  J90  supercomputer  and  usually  completed  in  several  hours. 
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Figure  1:  Schematic  of  array  of  synthetic  jets 
and  computatutional  domain 


Figure  2:  Vorticity  countours  after  30.5  cycles 
(Re  =  104.2,  St  =  0.0628) 
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Figure  3:  Vorticity  countours  after  37.75  cycles 
(Re  =  416.6,  St  =  0.628) 


Figure  4:  Schematic  of  lip  shapes  (thin  sharp 
flat,  rounded  and  cusped) 
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Figure  5:  Vorticity  countors  after  3.5  cycles  for  paired  Figure  6:  Vorticity  countours  after  .75  cycle  for  paired 
jets  at  same  phase  angle  (Re  =  104.2,  St  =  0.0628)  jets  at  60  deg  phase  (Re  =  104.2,  St  =  0.0628) 
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Abstract 

The  successful  development  of  the  next  generation  of  advanced  aircraft  engines  is 
contingent  on  the  accurate  prediction  and  reduction  of  the  noise  generated  by  the  jet  exhaust 
to  environmentally  acceptable  levels.  In  order  to  be  able  to  predict  and  reduce  jet  noise  it  is 
necessary  to  recognize  the  critical  aeroacoustic  sources  and  understand  the  generating 
mechanisms.  The  present  models  for  jet  noise  produced  by  advanced  engines  are  not 
adequate.  Improved  analytical  and  conceptual  models  based  on  sound  theoretical 
understanding  of  the  relevant  mechanisms  need  to  be  developed  to  assist  in  devising 
efficient  control  strategies  of  far-field  jet  noise.  Properly  developed  unsteady  jet 
aeroacoustic  simulations  are  ideally  suited  to  provide  insights  on  these  mechanisms  and 
suggest  potentially  useful  innovative  approaches  for  noise  reduction. 

Simulations  performed  under  previous  ONR  support  provided  the  basic  database  used  in 
the  present  work.  New  analysis  performed  during  FY98-FY99  under  AFOSR  support 
focused  on  aspect  ratio  effects  and  dependence  on  jet  initial  conditions,  and  was  included  in 
a  paper  submitted  for  publication.  An  overview  of  the  recent  studies  of  compressible, 
rectangular,  free  jets  was  presented  at  the  Berlin99  Conference,  with  special  focus  on 
understanding  the  dynamics  and  topology  of  coherent  vortical  structures  controlling  the  jet 
development,  and  identifying  major  near-jet  noise  generation  mechanisms.  Relevant  issues 
of  subgrid  and  supergrid  modeling  in  free-jet  numerical  simulations  were  addressed  in  this 
context.  The  vortex  dynamics  underlying  axis-switching  and  vortex  bifurcation  phenomena 
were  examined,  including:  the  roles  of  self-induced  vortex-ring  deformation,  reconnection, 
braid  vortices,  aspect  ratio  (AR),  and  the  transition  to  turbulence  from  laminar  initial  jet 
conditions.  Qualitatively  different  vorticity  geometries  characterizing  the  near  field  of  low- 
AR,  M<2,  ideally-expanded,  rectangular  jets  were  demonstrated,  involving:  i)  self-deforming 
and  ii)  bifurcating  vortex  rings;  interacting  ring  and  rib  (braid)  vortices  —  including,  iii) 
single  ribs  aligned  with  comer  regions  (AR>1),  and  iv)  rib  pairs  aligned  with  the  comers 
(AR=1);  v)  smaller-scale,  elongated,  “worm”  vortices  in  the  turbulent  jet  regime.  The  near 
field  entrainment  of  low-AR  rectangular  jets  were  shown  to  be  largely  determined  by  the 
characteristic  geometry  of  the  ring-rib  interactions;  progress  in  the  study  of  noise  generation 
mechanisms  in  low-AR  jets  was  reported. 
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Abstract 

The  subject  research  program  seeks  to  explore  a  novel  method  for  achieving  passive  flow 
field  control,  with  applications  to  mixing  enhancement  and  noise  reduction,  through  the 
interaction  of  the  flow  with  flexible  filaments.  Figure  1  illustrates  the  marnier  in  which 
this  concept  is  implemented  by  aligning  the  filament  with  the  flow  at  the  exit  plane  of  the 
nozzle. 


Filanent 


Figure  1:  Filament  in  Jet  Exit  Plane 

The  primary  purpose  of  the  filament  is  to  modify  the  large-scale  structures  within  the 
flow.  These  structures  consist  of  the  vortex  formation  in  subsonic  flow  and  the  shock 
structure  in  supersonic  flow.  This  flow  control  can  result  in  improved  mixing,  lower 
noise,  and  a  more  stable  flow.  Preliminary  measurements  using  this  arrangement  have 
shown  that  it  can  significantly  reduce  the  acoustical  emissions  (up  to  30  dB)  from  both 
subsonic  and  supersonic  jet  flows,  especially  at  screech  conditions1.  Additionally,  the 
preliminary  experiments  show  that  significant  mixing  enhancement  and  flow  control  can 
be  obtained  using  this  configuration.  The  primary  objective  of  this  research  program  is  to 
expand  on  these  preliminary  results  to  fully  develop  this  unique  approach  to  flow  field 
modification. 

Objective 

The  main  goal  of  the  subject  research  program  is  to  thoroughly  investigate  the  use  of 
flexible  filaments  for  flow  control  applications.  Specifically,  the  program  seeks  to 
achieve  the  following  objectives: 
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1)  Understand  the  physical  mechanisms  governing  the  filament/flow  interaction. 
Developing  an  understanding  of  the  mechanisms  responsible  for  the  filament  induced 
flow  modifications  is  crucial  for  exploiting  the  full  potential  of  this  concept. 

2)  Determine  the  optimal  filament  configuration (s)  for  achieving  the  desired  flow 
control.  There  are  numerous  parameters  associated  with  the  filament  including  its 
material  properties,  geometry,  size,  attachment  location,  and  the  number  of  filaments 
used.  Each  of  these  parameters  may  influence  the  extent  of  flow  field  modifications. 
The  impact  of  these  parameters  will  be  investigated  as  part  of  the  project. 

3)  Quantify  the  attainable  flow  enhancements/modifications.  The  potential  benefits  of 
the  filaments  for  noise  control  and  mixing  enhancement  will  be  investigated  to 
document  the  extent  of  the  enhancements  achievable. 

4)  Identify  additional  applications  for  this  concept.  During  the  course  of  the  research 
program,  efforts  will  be  made  to  identify  additional  applications  for  this  concept. 

Approach 

To  execute  the  subject  research  program,  a  jet  flow  facility  capable  of  producing  both 
subsonic  and  supersonic  flows  has  been  constructed.  The  facility  has  a  coaxial  flow 
arrangement  with  a  primary  flow  capable  of  Mach  numbers  up  to  approximately  2.0  and 
secondary  flow  capable  of  approximately  Mach  0.86.  Also,  the  primary  flow  may  be 
heated  to  a  stagnation  temperature  of  500°F.  In  order  to  facilitate  accurate  acoustical 
measurements,  an  anechoic  chamber  has  also  been  constructed.  Noise  measurements  will 
be  made  in  the  near  and  far  field  by  an  array  of  high  frequency  response  microphones  to 
quantify  the  effect  of  the  filament  over  a  range  of  operating  conditions.  Data  will  be 
acquired  using  a  National  Instrument  A/D  board  and  a  pair  of  Stanford  Research 
spectrum  analyzers.  In  addition  to  these  acoustical  measurements,  quantitative  flow  field 
measurements  and  flow  visualizations  will  be  made.  These  measurements  will  help  to 
develop  an  understanding  of  the  physical  mechanisms  responsible  for  the  noise 
suppression  and  to  quantify  the  mixing  enhancements  and  flow  field  alterations  produced 
by  the  filament. 

Progress 

During  the  past  year,  fabrication  of  the  jet  flow  facility,  connection  of  the  control  system, 
and  installation  of  instrumentation  has  been  completed  and  preliminary  testing  begun. 
Figure  2  shows  the  completed  jet  flow  facility  with  the  secondary  flow  nozzle  section 
removed.  Preliminary  tests  completed  include  calibration  of  the  primary  jet  control 
system,  baseline  sound  intensity  and  cross  spectra  measurements.  Additionally,  acoustical 
measurements  were  made  over  a  range  of  filament  length  and  thickness  for  an  unheated 
primary  flow.  These  measurements  were  made  at  a  stagnation  pressure  of  16.0  psig, 
which  corresponds  to  an  overexpanded  Mach  number  of  1 . 1 .  Additional  tests  were  also 
performed  at  the  Boeing  Interior  Noise  Test  Facility  (INTF)  to  evaluate  the  filament 
effect  in  a  high  subsonic  cold  jet. 
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Figure  2:  Louisiana  State  University  Anechoic  Jet  Facility 


Results 

The  baseline  acoustical  measurements  exhibit  the  form  expected  for  an  underexpanded 
supersonic  jet2.  The  turbulent  mixing  noise,  screech  tones,  and  shock  associated  noise  are 
all  clearly  discemable  in  Figure  3.  The  fundamental  screech  tone  occurs  at  approximately 
3500  Hz,  corresponding  to  a  Strouhal  number  of  0.4.  In  addition,  the  noise  components 
display  the  expected  directional  behavior2.  The  lower  frequency  turbulent  mixing  noise 
can  be  seen  to  the  dominant  noise  generation  mechanism  in  the  downstream  direction 
while  much  stronger  screech  intensities  are  seen  at  inlet  angles  of  90°.  By  comparison  of 
the  spectra  obtained  with  the  90°  microphones,  the  axisymmetric  behavior  of  the  jet  can 
be  verified.  Figure  4  shows  a  comparison  of  baseline  cross  spectra  measurements 
between  these  two  microphones  with  the  noise  spectra  obtained  at  90°.  The  screech  tones 
can  be  seen  to  exhibit  a  flapping  mode  as  phase  shifts  of  approximately  120°  are  clearly 
seen  corresponding  to  the  fundamental  screech  tone  and  the  first  harmonic. 


Figure  3:  Baseline  Acoustical  Spectra  Po=16psig 


Figure  4:  Baseline  Cross  Spectra  Po=16psig 


Next,  baseline  acoustical  measurements  were  taken  with  the  centerbody  device,  which  is 
used  to  attach  the  filament  in  the  flow  centerline,  in  two  different  positions  in  order  to 
quantify  its  effect  on  the  acoustical  spectra.  The  centerbody  may  be  positioned  where  its 
tip  is  2”  upstream  of  the  nozzle  exit  plane  or  where  the  centerbody  tip  coincides  with  the 
nozzle  exit  plane.  These  cases  are  referenced  as  short  and  long  centerbody  respectively. 
Figure  5  shows  that  the  short  centerbody  has  no  effect  on  the  acoustical  spectra  of  the  jet. 
However,  the  long  centerbody  is  seen  to  have  significant  effect.  The  sound  intensity  level 
in  the  turbulent  mixing  range  is  reduced  by  approximately  5  decibels  and  the  screech 
tones  by  as  much  as  10  decibels.  These  results  indicate  that  the  presence  of  the 
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centerbody  tip  at  the  nozzle  exit  plane  may  serve  to  stabilize  the  flow  exiting  the  nozzle. 
As  the  figure  shows,  the  long  centerbody  has  no  effect  on  the  higher  frequency  shock 
associated  noise.  This  would  not  be  expected  since  the  centerbody  does  not  extend  out  of 
the  nozzle  and  therefore  cannot  interact  with  the  shock  structure.  Finally,  the  long 
centerbody  is  seen  to  increase  the  frequency  of  the  screech  tones.  This  is  expected  since 
the  centerbody  tip  at  the  exit  plane  effectively  decreases  the  nozzle  diameter  and 
therefore  will  increase  the  frequency  for  constant  Strouhal  number. 
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Figure  5:  Acoustic  Spectra  for  Various  Centerbody  Configurations 


A  full  range  of  tests  was  performed  with  various  filament  lengths  for  both  the  long  and 
short  centerbody  configurations.  After  an  optimal  filament  length  was  determined  the 
filament  thickness  was  varied  in  an  attempt  to  determine  an  optimal  thickness.  Selected 
results  of  these  tests  are  presented  in  Figures  6-9  in  order  to  illustrate  the  effect  of  vaiying 
these  two  filament  parameters.  Figures  6  and  7  show  the  noise  spectra,  at  inlet  angles  of 
90°  and  130°  respectively,  obtained  for  various  filament  lengths  using  the  short 
centerbody  configuration.  For  both  inlet  angles,  the  6  diameter  and  5.3  diameter  length 
filaments  give  almost  identical  results  with  the  5.3  diameter  filament  being  marginally 
more  effective.  As  the  filament  length  decreases,  its  noise  suppression  ability  can  be  seen 
to  diminish.  This  is  particularly  apparent  for  the  90°  case.  Figures  8  and  9  show  the  effect 
of  varying  filament  thickness  with  the  jet  in  the  long  centerbody  configuration.  As  the 
figures  indicate,  the  noise  suppression  effect  of  the  filament  does  not  seem  to  be  as 
sensitive  to  thickness  as  it  is  to  length  with  a  peak  sound  intensity  difference  of  only 
about  1  decibel  between  the  most  and  the  least  effective  thickness.  In  Figures  6-9,  the 
baseline  spectra  shown  are  those  with  the  appropriately  configured  centerbody  present 
(short  in  Figs.  6  &  7,  and  long  in  Figs.  8  &  9).  In  order  to  compare  the  overall  noise 
reduction  effect  of  the  filament,  a  comparison  between  the  optimally  configured  filament 
and  the  baseline  noise  spectra  with  no  centerbody  present  is  shown  in  Figure  10.  The 
optimal  filament  arrangement  for  this  operating  condition  proved  to  be  an  8  strand  thick, 
5.3  diameter  long  filament  attached  to  the  long  centerbody.  The  effect  is  quite  dramatic  as 
the  filament  reduces  the  peak  noise  level  of  the  jet  by  approximately  20%  (120dB  to  95 
dB  peak)  at  an  inlet  angle  of  90°  and  by  approximately  8%  (108  dB  to  100  dB  peak)  at  an 
inlet  angle  of  130°.  Note  that  in  all  of  the  results  presented,  the  noise  spectra  retain  then- 
expected  form  except  that  the  screech  tones  are  eliminated  and  the  sound  intensity  is 
reduced  over  a  wide  frequency  range. 
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Figure  6:  Length  Effect,  Mic  90°,  Short  Centerbody 


Figure  8:  Thickness  Effect,  Mic  90°,  Long  Centerbody 
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Figure  7:  Length  Effect,  Micl30°,  Short  Centerbody 


Figure  9:  Thickness  Effect,  Mic  130°,  Long  Centerbody 


Figure  10:  Comparison  of  Optimum  Filament  Spectra  with  Baseline  Spectra 


Technology  Transfer 

In  addition  to  the  results  obtained  at  Louisiana  State  University,  experiments  were  also 
conducted  at  the  Boeing  INTF  to  evaluate  the  ability  of  the  filament  to  suppress  noise. 
These  tests  focused  primarily  on  the  filament  effect  on  high  subsonic  cold  flow  jets. 
While  not  as  dramatic  as  for  the  supersonic  case,  the  results  indicate  that  the  filament  still 
produces  substantial  noise  reduction  (3-6  dB)  over  the  entire  frequency  range  . 
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Future  Plans 

With  the  jet  flow  facility  fully  operational,  future  work  will  focus  on  expanding  on  the 
preliminary  results.  Specifically,  the  filament  effect  will  be  investigated  over  a  wide 
range  of  operating  conditions.  The  primary  jet  will  be  operated  at  higher  Mach  numbers 
and  coaxial  flow,  with  secondary  Mach  numbers  up  to  0.86,  will  be  investigated.  The 
primary  jet  temperature  will  be  varied  from  ambient  to  500°  F  in  order  to  study  the  effect 
of  temperature  gradients  as  well  as  velocity  gradients.  Complete  sound  intensity 
mapping,  using  a  three  dimensional  traverse  system,  of  the  near  field  will  be  completed  to 
expand  on  the  acoustical  data  obtained  thus  far.  In  addition  to  continuing  acoustical 
measurements,  mean,  coherent,  and  turbulent  flow  field  measurements  using  hot  wire 
anemometry,  LDV,  and  PIV  will  be  obtained.  To  facilitate  understanding  of  the 
mechanism(s)  responsible  for  the  flow/  acoustic  field  modification,  qualitative  flow  field 
information  will  be  obtained  using  a  Schlieren  system  and  a  laser  sheet.  These  extensive 
measurements  will  help  to  allow  the  effect  of  the  filament  to  be  optimized  for  a  range  of 
realistic  operating  conditions.  Finally,  additional  tests  will  continue  to  be  run  in  larger 
facilities  with  higher  temperatures  and  Mach  numbers  at  Boeing  and  NASA  Langley  to 
study  scaling  effects. 
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Abstract 

An  M3  chip  containing  the  necessary  components  to  apply  turbulence  control  has  been 
successfully  fabricated.  This  chip  comprises  of  shear  stress  sensors  and  microflap 
actuators  and  their  respective  driving  circuitry  and  is  shown  in  Figure  1.  Much  work  has 
been  done  to  ascertain  the  functionality  of  the  components,  i.e.  sensors  and  actuators,  and 
to  characterize  these  components.  Improvements  were  made  to  both  sensor  design  and 
fabrication  process  to  attain  better  performance.  Hardware  implementation  of  a  neuronet 
control  logic  is  underway,  to  be  included  in  the  next  generation  of  chips.  The  interaction 
between  the  microflap  actuator  and  the  turbulent  boundary  layer  is  being  studied.  Both 
experimental  and  numerical  studies  are  ongoing  to  further  refine  the  neuronet  logic. 


Figure  1:  M3  Chip 
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Validation  of  our  microflap  simulation  techniques  has  continued  to  be  an  issue. 
Appropriate  results  with  which  our  simulation  results  can  be  compared  are  not  plentiful. 
Our  knowledge  concerning  flow  around  a  moving  flap  is  also  limited.  Experimental 
measurement  is  difficult  to  perform  accurately,  and  little  literature  deals  with  flow  at  the 
low  Reynolds  numbers  in  question.  One  useful  work,  already  used,  is  In  et  al.  (1995), 
which  gives  the  steady  lift  and  drag  forces  for  flat  plates  at  various  angles  of  attack. 
Lighthill  (1973)  gives  an  analysis  of  hovering  insect  flight  which  has  much  similarity  to 
our  present  situation.  This  is  presently  being  used  to  provide  validation  of  our  ability  to 
simulate  transient  effects  of  moving  flaps. 

Since  our  last  report  an  improvement  was  made  in  the  formulation  of  the  body  force 
method  we  use  to  simulate  flaps.  A  novel  numerical  method  for  representing  the  internal 
boundary  of  the  microflap  has  been  incorporated  into  our  computer  simulation  code. 
Previously  neglected  pressure  gradient  terms  were  included.  Without  them,  our 
simulations  of  inclined  flat  plates  were  accurate  up  to  30  degrees.  With  the  pressure 
gradient  accounted  for,  the  simulations  are  accurate  up  to  60  degrees.  It  would  be 
possible  to  simulate  completely  vertical  plates  accurately,  as  well,  but  the  geometry  in  the 
code  would  need  to  be  modified.  It  is  still  expected  that  flaps  will  rise  from  the  wall  only 
small  angles  so  as  to  minimize  form  drag.  Figure  2  shows  the  simulation  of  a  flat  plate  at 
a  45  degree  angle  of  attack.  Reynolds  number  is  20,  based  on  free  stream  velocity  and 
plate  length.  Velocity  vectors  show  stagnation  on  the  windward  side  of  the  plate,  flow 
separation  at  the  leading  and  trailing  edges,  and  a  wake  region  in  the  plate’s  lee. 


Figure  2:  Simulation  of  flat  plate  at  45  deg.  AOA,  Re  =  20 


Experimental 

After  the  successful  fabrication  of  the  M5  chip,  much  work  was  done  to  characterize  the 
components  of  the  chip,  i.e.,  the  shear  stress  sensors  and  their  driving  circuitry  and  the 
microflap  actuators.  Figure  3  shows  the  response  of  a  microflap  actuator  on  a  M5  chip 
due  to  a  continuous  and  a  discrete  pulse  train  driving  signals.  The  flaps  are  designed  to 
be  actuated  at  their  natural  frequencies,  about  3.5  kHz,  in  most  instances.  The  particular 
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one  shown  in  the  figure  was  actuated  at  3.78  kHz.  Previously,  it  was  reported  that  the 
response  of  the  control  system  was  limited  by  the  35  Hz  response  rate  of  the  old  actuator. 
The  performance  of  the  new  microflaps  has,  in  essence,  eliminated  this  limitation  and 
allows  the  control  system  to  operate  close  to  the  maximum  speed  at  which  the  system  is 
capable  of  calculating  an  output  response.  Studies  are  also  being  done  on  the  interaction 
between  microflap  actuation  and  the  turbulent  boundary  layer.  Sensor  performance  will 
be  discussed  in  a  later  section. 


Microflap  Response  due  to  Continuous  Driving  Signals 

Microflap  Response  due  to  Discrete  Driving  Signals 
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Figure  3:  Microflap  response  due  to  continuous  and  discreet  driving  signals 


It  was  also  reported  previously  that  a  real-time  control  system  has  been  successfully  set 
up.  This  allows  for  the  refinement  of  the  neuronet  logic,  and  possibly  the  development  of 
new  logic,  as  data  collection  can  be  done  under  the  same  both  with  and  without  actuator 
motion.  Currently,  the  neuronet  logic  is  taken  directly  from  work  done  by  J.  Kim,  et  al, 
where  the  output  signal  is  proportional  to  the  sum  of  the  weighted  spanwise  shear  stress 
output  from  seven  different  sensors  and  is  of  the  form: 


=c%w, 


dw 


C  = 


K 


j,  k+i 


./ 


Where  %  are  velocity  outputs,  the  Wj  are  fixed  weights,  and  C  is  a  proportionality 
constant  chosen  such  that  the  root-mean-squared  value  of  the  actuation  is  kept  at  0.1  fx/t. 
The  weights  for  the  different  sensors  had  been  generated  from  a  CFD  simulation  and  do 
not  precisely  reflect  the  current  experimental  conditions.  Keeping  the  same  basic 
structure  for  the  neuronet,  attempts  were  made  to  confirm  these  weights  or  establish  new 
ones  using  experimental  data  and  various  training  algorithms.  As  of  yet,  no  consistent 
weights  were  found  despite  having  found  good  error  convergence  and  consistent  C  values 
during  the  training  phase.  Investigations  are  on  going  to  determine  whether  a  change  in 
the  setup  or  a  modification  of  the  logic  is  needed. 


Control  Circuits 

In  hardware,  the  aforementioned  neuronet  logic  developed  by  J.  Kim,  et  al  is  being 
implemented.  We  implement  a  single  row  of  dw/dy  sensors  that  trigger  a  single  row  of 
actuators.  The  first  thing  that  must  be  accomplished  by  the  circuits  is  the  summing  and 
weighting  of  the  sensor  output  voltages  for  dw/dy. 
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The  weight  pattern  was  implemented  by  choosing  the  capacitor  ratios  of  a  multiple  input 
floating  gate  differential  amplifier  to  match  the  weights  obtained  during  network  training. 
The  lines  are  the  ideal  and  the  symbols  represent  the  data.  Four  weights  were 
implemented,  14,  -'A,  3A,  and  -V*.  The  other  three  weights  had  a  value  near  0  and  thus  do 
not  need  to  be  implemented.  Test  results  for  the  circuit  that  performs  the  weighted 
summation  are  shown  in  Figure  4.  The  lines  represent  the  ideal  and  the  symbols  are  the 
actual  data.  The  plot  shows  all  single  and  pairwise  inputs.  For  the  single  inputs  a  signal 
was  applied  to  one  input  while  all  other  inputs  were  grounded.  For  the  pairwise  inputs 
the  same  test  signal  was  applied  to  two  inputs  and  all  others  grounded.  The  test  results 
for  the  RMS  normalization  circuit  are  shown  in  Figure  Figure  45  where  again  the  lines 
represent  the  ideal  and  the  symbols  are  the  data.  Both  circuits  show  very  good 
performance. 

The  above  circuits  form  the  core  of  the  signal  processing  circuitry  for  the  control  law 
implementation.  Circuits  also  exist  and  are  currently  being  worked  on  for  the  sensor  and 
actuator  driver.  Furthermore,  circuits  which  can  implement  a  neural  network  on  chip  are 
also  being  investigated  to  allow  for  on-line  training  to  adjust  to  the  difference  between 
real  sensors  and  actuators  and  the  ideal  CFD  results. 


Figure  4:  Summing  and  weighting  circuit  test  results  Figure  5:  RMS  norm,  circuit  test  results 


MEMS 

Previously,  we  have  demonstrated  the  advantages  of  a  new  shear  stress  sensor  fabrication 
approach  for  integration  with  actuators  and  electronics.  A  fully  integrated  shear-stress 
sensor  has  been  developed  using  a  post-IC  process  that  is  added  onto  4"  foundry- 
processed  CMOS  wafers.  The  shear-stress  sensor  uses  a  gate-polysilicon  hot-wire  as  the 
sensing  element  that  sits  on  a  freestanding  Parylene  diaphragm  suspended  over  a  cavity. 

In  the  past  six-months,  we  modified  the  sensor  design  and  processes  to  improve 
performance.  Specifically,  a  special  Parylene  vacuum  sealing  and  etchback  process  is 
developed  for  the  purposes  of  achieving  better  thermal  isolation  (i.e.  lower  power 
consumption)  and  overall  sensitivity. 


102 


CMOS 


(c)  Oxygen  Plasma  Etching  Back 


Figure  5:  Modified  process  flow  Figure  6:  Picture  of  new  shear  stress  sensor 
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Figure  7:  Windtunnel  Test  Result 

In  the  old  design,  we  fabricated  etching  holes  on  the  center  of  the  Parylene  diaphragm. 
Currently,  however,  we  open  4  pm  wide  slots  overlapping  the  edge  of  the  sensor  bridge. 
In  this  manner,  the  actual  etching  slot  has  a  width  of  2  pm  (Figure  5(a)).  The  obvious 
advantages  of  this  modification  are  the  ease  of  cavity  etching,  ease  of  slot  sealing,  and 
less  flow  interference.  After  the  BrFs  silicon  etching  to  create  the  cavity  underneath  the 
parylene  diaphragm,  a  second  layer  of  Parylene  (3  pm)  is  then  deposited.  Due  to  the 
comformal  nature  of  this  deposition,  a  thin  film  of  Parylene  is  deposited  inside  the  cavity 
as  well  as  on  the  backside  of  the  sensor  diaphragm,  eventually  sealing  the  etching  slots 
(Figure  5(b)).  Finally,  an  oxygen  plasma  etchback  is  done  with  a  timed  etch.  By  using 
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this  sealing  and  etchback  process,  an  almost  fully  exposed  sensor  element  and  an  0.7  urn 
thick  Parylene  diaphragm  (Figure  5(c))  is  realized.  The  fabricated  sensor  is  shown  in 
Figure  6.  The  sensitivity  of  output  voltage  to  shear  stress  is  45-55  mV/Pa  figure  7 
shows  the  windtunnel  test  results),  while  each  sensor  has  a  6  mW  power  consumption  at 
an  overheat  ratio  of  10%. 
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Abstract 

Using  direct  numerical  simulations  of  turbulent  channel  flow,  we  analyze  the  viability  of 
skin  friction  reduction  by  prevention  of  streak  instability  near  the  wall.  Based  on  our  prior 
findings  that  streak  instability  directly  generates  the  prominent  near-wall  streamwise 
vortices  observed,  we  demonstrate  and  explain  a  unique,  very  large-scale  drag  reduction 
strategy.  As  proof-of-principle,  significant  (20-50%)  drag  reduction  is  revealed  for 
imposed  control  with  the  following  key  advantages  for  practical  implementation:  (i) 
streamwise-  and  time-independent  flow  forcing,  (ii)  a  spanwise  wavelength  of  at  least  4-6 
streak  widths  (i.e.  large-scale  control),  (iii)  no  requirement  of  sensors  or  control  logic. 
The  drag  reduction  results  from  weakened  longitudinal  vortices  near  the  wall,  due  to 
forcing-induced  suppression  of  the  underlying  streak  instability.  To  further  quantify  the 
role  of  streak  instability  in  vortex  generation,  conditional  statistics  of  streak  vorticity  are 
extracted  from  fully-developed  near-wall  turbulence  using  ia  streak  eduction  procedure. 
Coupled  with  linear  stability  analysis  of  streaks  with  variable  strength,  results  indicate 
that  approximately  25%  of  lifted  streaks  are  sufficiently  strong  to  be  unstable.  A 
particularly  attractive  control  approach  (identified  here)  is  to  suppress  these  marginally 
unstable  streaks  via  accelerated  viscous  annihilation  of  streak  vorticity  by  large-scale 
straining  motions. 

Objectives 

It  is  now  well-established  that  near-wall  vortical  coherent  structures  (CS)  in  turbulent 
boundary  layers  are  responsible  for  (i)  increased  drag  on  aircraft  and  marine  vessels  and 
(ii)  enhanced  wall  heat  transfer,  hence  higher  blade  temperatures,  within  gas  turbines. 
Unfortunately,  despite  dedicated  and  massive  efforts,  viable  boundary  layer  control 
techniques  for  these  important  applications  remain  essentially  elusive.  The  principal 
practical  limitation  of  popular  microscale  control  approaches  is  that  they  are  tuned  to  the 
sub-millimeter  scale  of  near-wall  CS.  Consequently,  tiny  (hence  fragile)  actuators  and/or 
sensors,  such  as  micro-electro-mechanical  devices  (MEMS),  are  required.  For 
engineering  applications,  durability  limitations  will  obviously  pose  a  formidable 
challenge  for  MEMS-based  boundary  layer  control. 

As  an  alternative,  the  focus  of  our  AFOSR-supported  research  is  to  develop  new  bulk 
control  approaches  using  very  large-scale,  time-independent  control  strategies  (e.g. 
devices  whose  spacing  is  orders  of  magnitude  larger  than  the  natural  streak  spacing), 
without  any  sensors  or  control  logic.  In  this  way,  more  durable  control  is  permitted,  with 
each  device  providing  drag  reduction  over  an  extended  spatial  domain  containing  dozens 
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(perhaps  hundreds)  of  streamwise  vortices.  For  additional  details  of  our  drag  reduction 
approach,  see  Ref.  [1]. 

In  essence,  we  pursue  large-scale  control  via  manipulation  of  an  underlying  streak 
instability,  shown  in  Ref.  [2]  to  generate  the  near-wall  streamwise  vortices  commonly 
observed.  A  detailed  review  of  recent  streak  instability-based  mechanisms  of  turbulence 
generation  (ours  and  others)  appears  in  Ref.  [3].  Our  primary  ongoing  objective  is  to 
identify  and  optimize  robust  drag  reduction  strategies  which  stabilize  streak  instability 
over  a  large  spatial  domain,  with  initial  exploratory  analysis  (e.g.  “numerical 
experiments”)  based  on  direct  numerical  simulations  (DNS),  to  be  followed  by 
experimental  verification,  refinement  and,  hopefully,  eventual  implementation  in  practical 
systems. 

Computational  Approach 

In  the  following,  we  address  vortex  regeneration  and  its  control  using  direct  numerical 
simulations  of  the  Navier-Stokes  equations.  Periodic  boundary  conditions  are  used  in  x 
(streamwise)  and  z  (spanwise),  and  the  no-slip  condition  is  applied  on  the  two  walls 
normal  to  y  (normal);  see  Ref.  [4]  for  the  simulation  algorithm  details.  The  control 
simulations  are  initialized  with  full-domain  channel  flow  turbulence  at  Re=1800  and 
3200,  with  48x65x48  and  192x129x192  dealiased  Fourier  modes  respectively.  Actuation 
is  represented  by  an  applied  control  flow,  either  maintained  at  a  constant  amplitude  or 
allowed  to  freely  evolve,  superimposed  onto  the  turbulence. 

Results  &  Discussion 

To  summarize  our  recent  findings1,  we  have  discovered  (via  DNS)  significant  drag 
reduction  by:  (i)  a  spanwise  row  of  counter-rotating,  x-independent  streamwise  vortices, 
and  (ii)  ^-independent,  z-directed  colliding  wall  jets  (region  WJ  in  Fig.  la).  To 
demonstrate  proof-of-principle  for  large-scale  forcing,  the  z  wavelength  of  the  control 
flow  is  four  times  the  characteristic  streak  spacing  of  approximately  100  wall  units;  even 
much  larger-scale  control  (although  computationally  prohibitive)  may  be  possible  in 
practice.  As  illustrated  in  Fig.  1(a),  the  control  flow  (1)  has  a  much  larger  scale  than  local 
minima  of  u(y,z )  near  the  wall,  representing  lifted  low-speed  streaks. 

Significantly,  we  find  substantial  drag  reduction  is  attainable  via  large-scale  control  — 
20%  for  vortex  control  and  50%  for  wall  jet  control.  In  essence,  both  vortex  and  wall  jet 
control  prevent  near-wall  vortex  generation  by  annihilating  the  naturally  occurring 
(unstable)  normal  vorticity  coy  on  streak  flanks.  The  significance  of  this  attenuation  of 
streaks’  %  lies  in  the  fact  that  sufficient  coy  flanking  streaks  is  required  for  vortex 
generation  via  streak  instability3.  The  numerous  preexisting  lifted  streaks  (Fig.  la)  are 
flattened  by  splatting  where  the  vertical  control  flow  Vcon  pushes  fluid  toward  the  wall 
and  the  spanwise  flow  Wc0n  spreads  it  in  z  (outside  of  WJ).  Within  the  wall  jet  control 
region  WJ,  Vcon  is  directed  away  from  the  wall  and  Wc0n  converges  in  z,  causing  cross¬ 
diffusion  of  compressed  streaks  and  hence  weakening  coy.  Along  the  entire  wall,  control 
drastically  decreases  the  coy  originally  flanking  streaks  in  the  uncontrolled  flow  (cf.  Figs. 
la,c).  As  a  consequence  of  this  reduction  of  streak  coy  by  control,  03x  and  hence  vortex 
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generation  are  significantly  suppressed  in  the  controlled  flow  (Fig.  Id),  with  no  compact 
vortices  present  near  the  wall;  in  contrast,  numerous  drag-producing  vortices  with  strong 
(0X  are  present  immediately  above  the  wall  without  control  (Fig.  lb). 


13  Z  71  271 


Figure  1.  Distributions  of  u(y,z)  in  (a,c)  and  cox(y,z)  in  (b,d)  near  one  wall  of  turbulent  channel  flow  at 
Re= 1800,  without  (a,b)  and  with  (c,d)  an  imposed  large-scale  control  flow.  The  controlled  flows,  shown  at 
f0+=500  (after  control  starts),  have  a  frozen  forcing  amplitude  of  6%.  Note  the  disruption  of  streaks  and  the 
attenuation  of  streamwise  vortices  near  the  wall  by  control. 


The  current  phase  of  our  research  involves  detailed  analysis  of  the  streak  instability- 
induced  vortex  generation  mechanism5,  to  permit  development  of  robust  control 
strategies  based  on  these  preliminary  drag  reduction  results.  In  particular,  we  have 
undertaken  a  detailed  linear  stability  analysis  of  near-wall  streaks,  based  on  conditional 
statistics  of  streaks  educed  from  fully-developed  near- wall  turbulence.  To  isolate  the 
three-dimensional  dynamics  of  lifted  streaks,  in  a  “clean”  environment  free  from  existing 
structures  and  incoherent  turbulence  (including  perturbations  presumably  induced  by 
larger-scale  outer  vortices),  we  analyze  a  z-periodic  row  of  parallel  (x-independent)  low- 
speed  streaks,  initially  containing  no  vortices  or  cox  whatsoever  (i.e.  U(y,z )  only).  As  a 
representation  of  vortex-free,  lifted  low-speed  streaks  of  variable  strength,  we  consider  a 
base  flow  family  of  the  form 

t/(y,z)=t/o(y)+(AM/2)cos(Psz)g(y) 

V=W=0 ,  (1) 

where  Uo(y)  is  the  mean  velocity  and  g(y)  is  an  amplitude  function  which  satisfies  the  no¬ 
slip  condition  at  y=0  and  localizes  the  streaks’  velocity  defect  to  a  single  near-wall  region 
(i.e.  y+<60). 

For  illustrative  purposes,  it  is  useful  to  represent  the  “strength”  of  lifted  streaks  in  terms 
of  the  maximum  inclination  angle  0  of  vortex  lines  on  the  streak  flank,  given  locally  by 
0=tan'1(lcOyl/lco2l).  In  this  way,  the  strength  of  the  base  flow  streaks  (1)  may  be 
characterized  conveniently  as  the  maximum  vortex  line  lift  angle,  e.g.  defined  at  y+=20  as 
62o=tan‘ 1  [(OylmaX/(d  [/0/dy(y+=20))]  with  (Dylmax=psAM/2.  Note  that  this  provides  a  visual 
representation  of  the  relative  magnitude  of  the  spanwise  shear  du/d z  on  the  streak  flank. 
Having  shown  linear  instability  of  a  U(y,z )  distribution  visually  representative  of 
instantaneous  lifted  streaks  in  near-wall  turbulence2,  we  now  quantify  the  growth  rate 
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variation  with  streak  strength,  defined  in  terms  of  the  lift  angle  020-  Note  that  for  a  fixed 
streak  spacing,  620  determines  both  the  height  and  flank-slope  of  lifted  U  contours. 
Significantly,  sinuous  streak  instability  requires  a  threshold  streak  lift  angle  of 
approximately  50°  (corresponding  to  a  streak  vorticity  of  C0ylmax=0.27),  reflected  by  the 
region  of  positive  growth  rate  a  in  Fig.  2.  Thus,  lifted  streaks  may  be  either  passive 
(stable)  or  dynamically  active  (unstable)  to  small-amplitude  sinuous  perturbations, 
depending  upon  rather  slight  (i.e.  virtually  indistinguishable  visually)  differences  in  streak 
vorticity.  For  instance,  streaks  with  a  lift  angle  of  45°  are  well  within  the  stability  regime, 
while  60°  streaks  exhibit  a  significant  instability  growth  rate.  Furthermore,  this 
instability  threshold  indicates  that  well-defined  lifted  streaks,  even  those  extending  past 
the  buffer  layer,  are  not  necessarily  unstable.  Past  the  instability  cutoff,  the  growth  rate 
increases  approximately  linearly  with  the  streak  vorticity  coylmax  (nearly  linearly  with  020 
for  this  angle  range),  suggesting  a  dominant  influence  of  U(z )  shear  in  driving  sinuous 
instability.  Nevertheless,  the  sinuous  mode  is  shown  to  be  inherently  three-dimensional, 
and  its  growth  mechanism  is  distinct  from  that  of  a  one-dimensional  U(z )  wake  profile. 


Figure  2.  Dependence  of  sinuous  mode  growth  Figure  3.  Histograms  of  conditional  streak 

rate  on  streak  vortex  line  angle  02O  (z-maximum  vorticity  statistics,  for  streaks  educed  at 

measured  at  y+=20),  illustrating  threshold  of  y+=20,  from  fully  developed  channel  flow 

streak  lifting  required  for  streak  instability  turbulence.  The  bold  line  denotes  the 

growth.  instability  cutoff  in  Fig.  2. 

Owing  to  the  threshold  behavior  in  Fig.  2,  the  role  of  (linear)  streak  instability  in  fully 
developed  near-wall  turbulence  relies  critically  on  the  magnitudes  of  streak  du/dz  (hence 
streak  lift  angle)  actually  realized.  To  obtain  conditional  streak  statistics,  an  eduction 
procedure  is  used  to  extract  individual  streak  realizations  from  a  fully  developed  turbulent 
channel  flow  database4  at  7?e=1800.  To  obtain  local,  unsmeared  vorticity  statistics 
isolated  to  streaks,  the  following  streak  eduction  procedure  is  defined: 

(i)  Regions  of  w’< 0  are  identified  at  y+=20. 

(ii)  Within  each  u’< 0  region,  the  (xc,zc)  locations  of  local  minima  of  «’  are  identified 
as  streak  centers. 

(iii)  The  first  local  maxima  of  \du/dz\  in  z  is  identified  on  either  side  of  each  streak 
center  (xc,zc).  The  larger  of  these  two  \du/dz\  values  is  recorded  as  the  maximum 
vorticity  for  each  streak  realization. 


For  50  time  realizations  of  full-domain  turbulence  (Lx+~1400;  Lz+~450),  spanning  500 
wall  time  units,  this  eduction  procedure  performed  at  y+=20  extracts  approximately 
1 1,300  streak  (y,z)  cross-sections. 

Subject  to  the  conditional  streak  sampling  outlined  above,  histograms  of  streak  lift  angle 
statistics  for  fully-developed  near-wall  turbulence  are  shown  in  Fig.  3  at  an  eduction 
location  of  y+=20.  Comparison  of  lift  angle  statistics  (Fig.  3)  with  the  corresponding 
streak  instability  growth  rate  (Fig.  2)  indicates  that  approximately  25%  of  near-wall 
streaks  are  strong  enough  (i.e.  with  sufficient  du/dz)  to  be  linearly  unstable.  Based  on  the 
instability  cutoff  behavior  in  Fig.  2  (consistent  also  with  the  stability  of  the  turbulent 
mean  profile  U(y)  for  channel  flow),  the  straightening  of  streak  vortex  lines  by 
background  coz  is  a  strongly  stabilizing  effect  for  sinuous  streak  instability. 

In  summary,  streaks  of  sufficient  strength  for  linear  instability  are  in  fact  realized  in  near¬ 
wall  turbulence,  being  most  prominent  between  y+=20-30.  Note  that  at  larger  y,  similar 
strong  streaks  are  observed,  but  are  much  less  common.  In  contrast,  streaks  localized 
only  to  the  sublayer  (i.e.  not  lifted  into  the  buffer  layer)  are  common,  yet  do  not  exhibit 
sufficient  lift  angles  to  be  linearly  unstable  and  hence  are  dynamically  passive  with 
respect  to  streak  instability.  Finally,  note  that  other  possible  mitigating  factors  of  streak 
instability,  particularly  the  influence  of  viscous  annihilation  of  base  flow  streak  vorticity, 
are  also  important.  Additionally,  the  streak  count  declines  sharply  near  the  stability  cutoff 
(e.g.  Fig.  3),  indicating  that  the  number  of  unstable  streaks  decreases  rapidly  with  the 
corresponding  growth  rate  (cf.  Figs.  2,3).  Thus,  fully-developed  near-wall  turbulence 
contains  marginally  unstable  streaks  which  may  be  rather  easily  stabilized  by  properly 
designed  control.  As  shown  here,  such  streak  stabilization  via  either  large-scale  vortex 
generators  or  spanwise  wall  jets  yields  substantial  drag  reduction  over  a  large  spatial 
domain,  making  this  a  particularly  attractive  new  avenue  for  boundary  layer  control. 

Future  Plans 

These  promising  preliminary  results,  coupled  with  the  massive  economic  impact  of 
successful  drag  reduction,  clearly  warrant  additional  research.  In  particular,  additional 
analysis  and  simulations  are  needed  to  optimize  our  new  control  strategy  and  to  assess 
potential  implementation  strategies.  Most  importantly,  experiments  are  now  critical  to 
verify  this  drag  reduction  phenomenon  (observed  computationally),  and  to  develop  large- 
scale  actuation  techniques  which  are  efficient  and  durable. 

Pending  future  support,  we  plan  to  analyze  the  viscous  annihilation  of  streaks  (i.e.  a  type 
of  planar  reconnection)  brought  about  by  control,  in  order  to  optimize  the  streak- 
stabilization  effect.  In  particular,  a  (linear)  2D  advection-diffusion  equation  will  be 
developed  for  a  periodic  array  of  lifted  streaks,  subjected  to  a  forcing  term  representing 
control.  In  this  way,  a  variational  problem  may  be  developed  to  maximize  the  viscous 
annihilation  of  streak  coy  with  minimum  control-induced  drag,  subject  to  the  constraints  of 
mass  conservation  and  both  no-slip  and  non-penetrable  wall  boundary  conditions. 
Additionally,  we  propose  a  formal  analysis  of  streak  instability  via  triple  decomposition 
of  fully-developed  near-wall  turbulence  into:  (i)  locally  x-averaged  streaks,  (ii)  ensemble- 
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averaged  3D  vortices  CS),  and  (iii)  incoherent  turbulence.  Governing  equations  relating 
each  element  may  be  derived,  to  ascertain  the  roles  of  recurring  streak  instability  and 
incoherent  turbulence  (including  outer  flow  turbulence)  in  an  ensemble-averaged  sense. 
This  analysis  will  certainly  enable  more  effective  control  of  streak  instability,  and  may 
help  identify  other  effective  control  strategies.  Finally,  alternative  control 
implementations  will  be  investigated,  including  spanwise  wall  jets  and  near-wall  control 
vortices  generated  by  wall  boundary  condition  manipulation  (to  mimic  near-wall  slot 
injection),  for  comparison  with  our  current  results  for  superimposed  volumetric  control. 

Regarding  future  experimental  studies,  we  have  performed  several  exploratory 
experiments  (based  on  limited  funding  from  other  resources)  of  our  large-scale  drag 
reduction  approach.  To  date,  we  have  designed  and  tested  several  large-scale  actuation 
schemes,  one  of  which  yields  very  promising  results  (due  to  proprietary  issues  with  UH, 
these  results  cannot  yet  be  revealed).  Pending  patent  submission  and  additional  support, 
we  plan  a  comprehensive  experimental  study  to  verify  our  preliminary  drag  reduction 
results,  and  to  develop  effective  actuation  techniques.  Experiments  will  be  conducted  in 
our  in-house  low-noise  wind  tunnel  (1.1m  X  1.6m),  fabricated  with  a  floating  plate  to 
permit  both  direct  drag  measurement  (using  strain  gauges)  and  acquisition  of  the  wall 
shear  distribution  using  flush-mounted  hot-film  sensors.  In  parallel,  the  cross-stream 
flows  induced  by  various  actuator  designs  will  be  evaluated  and  optimized  using  flow 
visualization  in  our  in-house  water  tank  facility  (via  laser  induced  fluorescence).  Specific 
experimental  objectives  include  (i)  determination  of  the  ranges  of  actuator  shape,  size, 
and  spacing  which  provide  effective  drag  reduction,  (ii)  visualization  of  the  actuator- 
induced  control  flow,  to  permit  comparison  with  effective  control  identified 
computationally,  and  (iii)  documentation  of  the  control  influence  on  relevant  turbulence 
statistics  in  the  vicinity  of  a  given  actuator. 

Acknowledgment/Disclaimer 

This  research  is  supported  by  the  Air  Force  Office  of  Scientific  Research,  USAF,  under 
grant  F49620-97- 1-0131.  The  views  and  conclusions  contained  herein  are  those  of  the 
authors  and  should  not  be  interpreted  as  necessarily  representing  the  official  policies  or 
endorsements,  either  expressed  or  implied,  of  AFOSR  or  the  U.S.  Government. 

References 

1  Schoppa,  W.  &  Hussain,  F.  1998  A  large-scale  control  strategy  for  drag  reduction  in 

turbulent  boundary  layers.  Phys.  Fluids  10,  1049. 

2  Schoppa,  W.  &  Hussain,  F.  1999  Coherent  structure  dynamics  in  near-wall  turbulence. 

Fluid  Dyn.  Res.  (to  appear) 

3  Moser,  R.  D.  1998  Summary  and  appraisal  of  self-sustaining  mechanisms.  AIAA  Paper 

98-3002. 

4  Kim,  J.,  Moin,  P.  &  Moser,  R.  D.  1987  Turbulence  statistics  in  fully  developed  channel 

flow  at  low  Reynolds  number.  J.  Fluid  Mech.  177,  133. 

5  Schoppa,  W.  &  Hussain,  F.  1999  Dynamics  of  coherent  structure  generation  in  near-wall 

turbulence,  (in  preparation) 


110 


FLUID-OPTIC  INTERACTIONS  II 

F49620-97-1-0489 
Eric  J.  Jumper 

Department  of  Aerospace  and  Mechanical  Engineering 
University  of  Notre  Dame,  Notre  Dame,  Indiana 


Abstract 

Background.  The  transmission  of  a  collimated  light  beam  through  a  turbulent 
flowfield  with  index-of-refraction  variations  leads  to  a  time-varying  distortion  of  the 
beam’s  previously-planar,  optical  wavefront.  These  fluid-optic  interactions  have  direct 
relevance  to  USAF  systems.  Fluid-induced  aberrations  degrade  the  performance  of 
airborne  imaging  systems,  airborne  energy  transmission  systems  (Airborne  Laser,  for 
example),  as  well  as  optical  target  acquisition  and  tracking  systems. 

Over  the  last  decade,  progress  has  been  made  in  both  measuring  the  dynamics  of 
wavefront  aberrations  caused  by  atmospheric  turbulence  and  using  this  information 
for  designing  and  applying  adaptive-optic  equipment  and  techniques  to  correct  these 
aberrations  and  restore  some  of  the  system  performance  losses.  [1]  For  aberrations 
due  to  propagation  through  boundary  and  shear  layers  (called  “aero-optics”),  on 
the  other  hand,  progress  in  adaptive-optic  correction  has  been  nonexistent.  This 
is  because  the  required  spatial  and  temporal  frequencies  associated  with  the  aero- 
optic  problem  (even  for  relatively  slow,  laboratory  flows)  are  at  least  an  order  of 
magnitude  greater  than  those  presently  able  to  be  adaptive-optically  corrected  for 
the  atmospheric-propagation  case.  [2]  Thus,  until  very  recently,  the  main  research 
thrust  in  aero-optics  has  been  the  attempt  to  quantify  the  time-averaged,  statistical, 
near-field  wavefront  distortion  (as  phase  variance  or  rms  Optical  Path  Difference, 
OPDrms)  in  order  to  estimate  the  time-averaged,  far-field  degradation  that  might  be 
expected  for  an  optical  system  whose  optical  signals  must  traverse  the  aberrating, 
turbulent  flowfield.  [3] 

Due  in  large  part  to  the  results  of  this  and  our  previous  AFOSR  grant  effort,  the 
study  of  the  time-resolved  nature  of  aero-optic  aberrations  is  now  essentially  routine. 
In  our  work,  a  high-bandwidth  wavefront  sensor  (the  SABT)  was  developed.  The 
SABT  has  been  able  to  capture  the  instant-to-instant  dynamic  nature  of  aero-optic 
aberrations  for  slow-speed  (7'm/s)  laboratory  turbulent  flows[2]  as  well  as  high-speed 
(0.8  Mach)  shear  layers.  [4]  The  wavefront  data  has  even  been  used  to  study  the  design 
requirements  for  adaptive-optic  systems  to  correct  aero-optic  distortions.  [5] 

Objectives.  The  specific  objectives  of  the  present  grant  are  to:  (a)  extend  some 
of  the  instrumentation  development  work  of  the  last  grant  by  developing  a  deriva¬ 
tive,  two-dimensional  wavefront  sensor  to  the  one-dimensional  Small- Aperture  Beam 
Technique  (SABT)  sensor;  (b)  address  certain  scaling  issues  that  came  to  light  in 
studying  the  similarities  between  optical  aberrations  due  to  propagation  through  the 
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heated  jet  and  propagation  through  the  compressible  shear  layer;  (c)  investigate  the 
possible  use  of  control  to  develop  a  scheme  for  real-time  sensing  and  correcting  the 
wavefront  for  propagation  through  compressible  shear  layers;  and  (d)  further  explore 
the  relationship  between  the  wavefront  aberrations  and  the  concomitant  aberrating 
structures. 

Approach.  We  have  now  extended  the  SABT  sensor  concept  to  the  cross-stream 
direction  as  Objective  (a).  In  the  first  grant,  we  demonstrated  a  high-bandwidth 
(~  100  kHz)  sensor  which  took  advantage  of  the  fact  that  aberrating,  turbulent  flow 
structures  “convect”  across  the  viewing  aperture.  [6,  2,  4]  This  reliance  on  structure 
convection,  however,  limits  the  SABT  to  measurement  of  the  streamwise  component 
of  the  optical  wavefront.  In  the  derivative  instrument,  we  still  use  the  streamwise  con¬ 
vection  to  unfold  the  wavefront  in  the  streamwise  direction.  In  addition,  we  impose 
a  scan  velocity  in  the  cross-stream  direction  to  unfold  the  remaining  orthogonal  com¬ 
ponent,  thereby  producing  the  full,  two-dimensional  wavefront.  An  improved  scanner 
and  upgraded  optical  bench  components  produced  successful  wavefront  measurements 
in  our  heated  shear  layer  (water  tunnel)  facility  since  our  last  report.  The  resulting 
wavefronts  were  a  time-resolved,  time  series;  individual  wavefronts  were  obtained  at 
600  Hz  (2  measurements  per  scanner  cycle). [7]  A  series  of  these  wavefronts  (every 
20th  time  step)  is  shown  in  Fig.  1.  The  bandwidth  of  this  new  wavefront  sensor  can 
be  increased  to  8  kHz  by  incorporating  a  faster  scanner  (already  in  hand).  We  plan  to 
use  the  8  kHz  instrument  for  two-dimensional  wavefront  measurements  in  laboratory 
air  flows. 


(d)  (e)  (f) 


Figure  1:  Experimental,  two-dimensional,  wavefront  reconstructions:  time  steps  = 
924.  (a)  through  1024  (f).  Between  frames,  At  =  0.0333  sec;  overall  period  (a)-(f) 
=  0.1667  sec. 
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Comparisons  between  the  time  series  of  wavefronts  from  propagation  through  our 
laboratory  7  m/s  heated  jet  and  a  0.8-Mach,  compressible  shear  layer  revealed  a 
number  of  similarities  and  differences  in  the  dynamic  aberrations  imposed  on  the 
wavefronts.  In  Objective  (b),  we  are  trying  to  better  understand  the  compressibility 
mechanism  that  creates  optical  distortions.  To  do  this,  we  are  using  a  discrete-vortex 
method  (DVM)  to  model  the  shear  layer’s  velocity  field.  Given  this  velocity  field,  the 
pressure  and  concomitant  density  fields  can  be  found  by  (iteratively)  integrating  the 
unsteady  Euler  equations  as  detailed  in  Ref.  [8].  Unlike  the  case  of  a  compressible 
boundary  layer,  [9]  the  pressure  variations  in  a  compressible  shear  layer  are  significant, 
as  shown  in  Fig.  2.  Fig.  2  also  shows  the  schlierens  and  wavefronts  produced  by  the 
computed  density  fields.  As  described  in  Ref.  [8],  our  simulation  reasonably  models 
the  large-scale  distortions  measured  by  Hugo  et  al.  in  the  compressible  shear  layer  [4] 
as  shown  in  Fig.  3.  We  believe  the  smaller-scale  measured  aberrations  were  caused 
by  temperature  variations  in  the  tunnel’s  splitter-plate  boundary  layer.  Evidence 
of  this  is  shown  in  the  Station  1  wavefronts  measured  immediately  downstream  of 
the  splitter  plate  (Fig.  3).  Superpositioning  the  Station  1  experimental  data  on  our 
Station  2  simulation  produces  wavefronts  of  similar  character  to  those  measured  at 
Station  2  as  shown  in  Fig.  3.  With  our  simulation,  we  plan  to  explore  suitable  scaling 
laws  for  use  in  optical  system  design  estimates  and  wind  tunnel  test  data  scaling. 

The  use  of  control  for  heated-jet  experiments  greatly  enhanced  certain  areas  of  inves¬ 
tigation  in  our  previous  work  (see,  for  example,  Refs.  [10]  and  [11]).  The  coupling  of 
control  with  the  SABT  sensor  suggests  the  possibility  of  not  only  real-time  sensing 
of  wavefront  aberrations  but  also  for  adaptive-optic  correction.  In  Objective  (c),  we 
still  plan  to  explore  this  possibility  for  propagation  through  either  our  heated  shear 
layer  water  tunnel  facility  (mentioned  above  and  in  Ref.  [7])  or  in  one  of  two  available 
heated-air  facilities.  This  will  be  a  focus  of  our  newest  research  assistant. 

Finally,  some  preliminary  investigations  into  inferring  fluid-mechanic  information 
from  the  distorted  wavefronts  were  undertaken  in  our  first  grant  (see,  for  example, 
Refs.  [12]  and  [13]);  however,  in  Objective  (d)  we  have  begun  to  investigate  this  re¬ 
lationship  more  formally  by  employing  wavelet  transforms  and/or  proper  orthogonal 
decomposition  methods  to  decompose  the  SABT  signals  and  in  so  doing  attempt  to 
develop  algorithms  for  extracting  the  velocities  for  each  of  the  aberration-causing  flow 
structures.  This  is  the  primary  focus  of  our  newest  researcher. 

Personnel.  Three  researchers  have  worked  on  this  project  over  the  past  year.  Dr. 
Eric  J.  Jumper  has  been  the  Principal  Investigator.  Edward  J.  Fitzgerald,  graduate 
research  assistant,  has  worked  primarily  on  Objectives  (a)  and  (b).  James  Cicchiello, 
graduate  research  assistant,  has  worked  on  Objectives  (c)  and  (d). 

Publications.  Two  meeting  papers,  Refs.  [7]  and  [8],  have  been  produced  during 
the  current  reporting  period.  Versions  of  both  of  these  meeting  papers  are  being 
submitted  as  journal  articles  to  Optical  Engineering  and  Journal  of  Fluid  Mechanics , 
respectively.  In  addition,  a  tentative  arrangement  has  been  reached  with  the  editor 
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Figure  2:  Compressible  shear  layer  simulation  at  two  time  steps,  one  prior  to  pairing 
(left)  and  following  multiple  pairings  (right). 
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Station  2  Numerical  Simulation  Station  1  Experimental  Data 


High-Pass  Filter:  750  Hz 


Simulation  +  Station  1  Experimental  Data  Station  2  Experimental  Data 

High-Pass  Filter:  750  Hz 


Figure  3:  Comparison  of  wavefronts  from  discrete  vortex  simulation  with  superposi- 
tioned  station  1  (experimental)  wavefront  to  reconstructed  experimental  wavefronts 
for  Acoustic  Research  Tunnel  station  2. 

of  Progress  in  Aerospace  Sciences  to  publish  an  updated  version  of  the  “AIAA  Plas- 
madynamics  and  Lasers  Best  Paper  Award  (1997)”-winning  review  paper  (Ref.  [12]) 
funded  under  this  grant. 
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Abstract 

Background.  This  joint  project  between  the  University  of  Notre  Dame  and  the  Air  Force  Institute  of  Technology 
will  investigate  the  unsteady  forced  response  of  vanes  in  compressible-flow  cascades,  where  the  vanes  are  forced 
by  unsteady,  upstream-propagating  potential  disturbances.  The  investigation  is  geared  toward  providing  a  better 
understanding  for  predicting  High  Cycle  Fatigue  (HCF)  failures  in  turbomachinery.  This  work  will  take  a  more 
fundamental  look  at  phenomena  already  identified  in  joint  studies  between  Notre  Dame  and  the  Air  Force  Academy, 
performed  under  the  aegis  of  the  Science  and  Technology  (S&T)  HCF  program.  These  S&T  studies  have  been 
directed  toward  characterizing  unsteady  aerodynamic  forcing  and  unsteady  pressure  response  in  the  inlet  and  fan 
section  of  an  AlliedSignal  FI 09  Turbofan. 

Initially,  the  S&T  project  began  as  a  cascade  study  in  the  Notre  Dame,  unsteady  transonic  cascade,  which  was 
specifically  designed  for  the  research.  The  Notre  Dame  cascade  forms  the  test  section  of  a  transonic  in-draft  tunnel 
located  in  the  Hessert  Center  for  Aerospace  Research.  The  tunnel  is  driven  by  up  to  three,  3,310-cubic-feet-per- 
minute,  Allis-Chalmer  vacuum  pumps.  A  top-view  schematic  of  the  cascade-section  geometry  used  in  the  S&T 
studies  is  shown  in  Fig.  1,  along  with  the  new  unloaded  cascade  that  will  be  referred  to  below.  For  the  S&T  studies, 
the  cascade  turning  vanes  were  production-hardware  stator  vanes  from  the  single,  axial-flow  compression  stage  of  an 
AlliedSignal  F109  turbofan  engine.  The  cascade  was  formed  by  four  midstream  vanes  and  two  wall  vanes,  creating 
five  flow  passages.  In  the  cascade,  the  chord  of  these  vanes  was  1.28  in.  and  the  blade  spacing  was  0.84  in.  In  the 
engine,  the  stators  are  swept  aft  from  the  hub  to  tip;  however,  in  the  cascade  the  vanes  were  mounted  vertically  to 
form  a  nominal,  two-dimensional  linear  cascade.  The  cross-sectional  inlet  and  outlet  dimensions  of  the  cascade  were 
4  in.  x  4  in.  Note  that  a  variety  of  tests  were  run  to  verify  that  the  cascade  flow  was  two-dimensional  over  the 
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instrumented  region  of  the  vanes.  ’  ’ 

Unsteady  forcing  of  the  cascade  vanes  was  established  through  vortex  shedding  from  a  row  of  five  circular  cylinders, 
aligned  parallel  with  the  span  direction  of  the  vanes  and  located,  as  shown  in  Fig.  1,  0.8  vane-chords  downstream  of 
the  vane  row.  No  active  control  of  the  cylinder  shedding  is  needed  in  either  cascade  shown  in  Fig.  1,  as  all  cylinders 
shed  in  phase.  In  either  cascade,  the  cylinder  shedding  frequency  may  be  varied  by  changing  the  cylinder  diameter 
as,  over  the  range  of  Reynolds  numbers  of  interest,  the  Strouhal  number  is  constant  at  approximately  0.2.  Thus,  the 
reduced  frequency  for  the  von  Karman  shedding  may  be  set  by  selecting  the  cylinder  diameter.  All  results  referred  to 
here  are  for  forcing  produced  off  of  3/16  in.  diameter  cylinders,  which  yield  a  reduced  frequency,  based  on  the  vane 
half  chord,  of  approximately  5  over  the  entire  range  of  Mach  numbers  selected;  a  reduced  frequency  of  5  yields 
primary  forcing  frequencies  at  the  highest-Mach  numbers  of  approximately  9  KHz  and  the  first  harmonic  at  18  KHz. 
All  unsteady  pressure  measurements  were  triggered  by  a  transducer  embedded  in  one  of  the  forcing  cylinders.  For 
further  details  see  References  1,2,  and  3. 

In  the  S&T  studies,  the  stator  vanes  were  instrumented  with  surface-mounted  Kulite  XCS-062  ultraminiature 
transducers;  providing  measurement  locations  at  7,  12,  20,  30,  40,  50,  65  and  80  percent  vane-chord  on  both  the 
suction  and  pressure  sides  of  the  vanes.  Phase-locked  unsteady,  and  time-averaged,  pressure  data  were  collected  at 
cascade  inlet  Mach  numbers  ranging  from  0.427  to  0.50,  where  the  highest  inlet  Mach  number  resulted  in  a 
maximum  Mach  number  over  the  suction  side  of  the  vanes  of  0.73.  Each  Mach-number  study  yielded  phase-locked, 
time-resolved  pressure  data,  made  up  of  400  ensembles  of  forcing-cylinder-triggered  data  records  (for  details  see 
References  1  and  2).  The  time-resolved  (phase-averaged)  data  from  each  of  the  16  stator  locations  and  Mach 
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numbers  were  disassembled  into  their  primary  (forcing  frequency)  and  harmonic  components;  a  representative  two- 
frequency  reconstruction,  for  an  inlet  Mach  number  of  0.427,  is  shown  in  Fig.  2,  where  the  peak-to-peak  fluctuation 
is  normalized  by  the  largest  response.1,2  With  the  data  in  this  form,  it  was  possible  to  examine  the  relative  phase  of 
the  pressure  response  along  the  vanes,  as  well  as  the  measured  amplitude  trends. 

Phase  Information.  As  explained  in  detail  in  References  1  and  2,  it  can  be  shown  that  a  potential  disturbance 
traveling  upstream  across  the  vanes,  when  linearized  to  first  order  in  terms  of  a  single  “free-stream”  Mach  number, 
should  have  a  relative  phase  distribution  of 


,  ,  (c-x)co 

0 relative  ~  0  7.  77~\  (  1  ) 

M1  -M„) 

where  (p  is  the  phase  delay  at  the  vane  trailing  edge,  a„  and  M„  are  the  nominal  “free-stream”  speed  of  sound  and 
Mach  number  over  the  vane  surface,  c  is  the  vane  chord,  x  is  the  measurement  location  from  the  leading  edge  of  the 
vane,  and  co  is  the  frequency  of  the  disturbance  in  rad/sec.  Figures  3  and  4  show  the  measured,  disturbance  phase 
distributions  for  the  primary  and  harmonic  frequencies  on  the  suction  and  pressure  surfaces,  respectively.  The 
overlaid  curves  in  Figs.  3  and  4  are  the  computed,  position-dependent  phase  delays  from  Eq.  (1),  assuming  nominal 
“free-stream”  Mach  numbers  for  the  suction  and  pressure  surfaces  of  0.59  and  0.35,  respectively.  These  assumed 
“free-stream”  Mach  numbers  are  in  excellent  agreement  with  the  local  Mach  numbers,  ML,  derived  from  the  time- 
averaged  pressure  data  over  the  suction  and  pressure  surfaces  of  the  vanes  using 
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where  P„  is  the  measured  total  pressure,  PL  is  the  measured  local  static  pressure,  and  yis  the  ratio  of  specific  heats. 
A  plot  of  local  Mach  number  versus  chord  is  given  in  Fig.  5.  Clearly,  the  results  of  Figs.  3  and  4  are  in  excellent 
agreement  with  the  Mach  numbers  of  Fig.  5.  Similar  Mach-number  and  phase  agreement  was  found  for  all  inlet- 
Mach-number  cases  studied;  this  verified  that  our  data  was  good,  and  that  the  forcing  method  produced  acoustically- 
propagating  potential  disturbances  that  subsequently  interacted  with  the  cascade  vane  to  yield  relatively-large 
unsteady  pressure  responses. 

Amplitude  Information.  Along  with  being  able  to  examine  the  disassembled  data  for  phase  information,  amplitude 
information  can  also  be  examined.  The  normalized,  RMS,  unsteady  pressure-amplitude  distributions  for  the  four 
Mach-number  cases  studied  are  given  in  Fig.  6.  Normalized,  unsteady  pressure-amplitude  distributions  at  the 
primary  forcing  frequency,  for  the  same  four  Mach-number  cases,  are  shown  in  Fig.  7.1  The  data  of  Figs.  6  and  7 
may  be  compared,  from  which  it  is  clear  that  a  more-descriptive  picture  emerges  from  Fig.  7.  Specifically,  there  are 
two  important  characteristics  of  the  amplitude  data  that  are  of  interest  to  us:  first,  although  we  only  have  data  out  to 
the  0.8  vane-chord  location,  extrapolation  of  the  Fig.  7  data  to  the  trailing  edge  suggests  an  unsteady-pressure 
singularity;  second,  an  amplification  of  the  unsteady  pressure  near  the  x/c  =  0.3  location  on  the  suction  surface 
appears  to  be  increasing  with  Mach  number. 

The  suggestion  of  a  trailing-edge  singularity  is,  as  far  as  we  know,  the  first  to  have  been  seen  with  detailed  data,  and 
raises  the  question  as  to  whether  or  not  such  a  singularity  can  exist.  Until  we  produced  these  data,  it  had  been 
generally  accepted  that  a  trailing-edge  singularity  had  been  theoretically  forbidden,  as  it  most  certainly  is  for  waves 
entering  from  upstream;  however,  extensive  discussions  with  Glegg4  and  review  of  the  literature  (for  example 
Reference  5),  now  suggest  that  such  a  singularity  is  probably  not  forbidden.  Clearly,  if  such  a  singularity  is  present 
in  the  case  of  acoustically-propagating  upstream-traveling  waves,  this  is  of  first-order  importance  to  the  rotor/stator 
and  stage-to-stage  interaction  problems.  It  should  be  noted  that  an  interesting  theoretical  point  raised  in  Reference  5 
concerns  the  presence  or  absence  of  a  trailing-edge  shear  layer,  because  these  authors  draw  a  distinction  between  the 
unsteady  pressure  response  in  the  presence  or  absence  of  a  shear  layer.  In  terms  of  cascade  configurations,  an 
unloaded  vane  row  should  produce  no  shear  layer,  while  a  loaded  vane  row  might  produce  a  shear  layer. 
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The  amplification  of  the  unsteady  pressure  near  the  x/c  =  0.3  location  is  also  of  first-order  importance.  Atassi,  Fang 
and  Ferrand6  had  previously  predicted  the  occurrence  of  this  amplification  in  their  theory  of  “acoustic  blockage.” 
According  to  their  theory,  acoustic  waves  traveling  upstream  from  the  trailing-edge  region  of  a  vane  row  are 
impeded  in  their  upstream  progress  by  the  oncoming  flow.  As  this  subsonic  flow  builds  in  Mach  number,  depending 
on  the  frequencies  and  wavelengths,  the  waves  can  coalesce  and  amplify  the  disturbance;  amplifications  of  up  to  20 
times  are  theoretically  possible  as  the  subsonic  Mach  number  approaches  0.99.  The  amplification  noted  in  Fig.  7  is 
at  the  maximum  Mach  number  location;  our  maximum  Mach  number  was  0.73.  We  believe  that  our  data  provides  the 
first  evidence  that  this  mechanism  exists  and  is  important  at  relatively  low  Mach  numbers,  becoming  noticeable  for 
maximum  Mach  numbers  as  low  as  0.6.  It  should  be  noted  that  prior  to  Atassi  et.  al’s  work,  unsteady  pressure  rises 
near  the  maximum  Mach  number  region  had  always  been  assumed  to  be  associated  with  transonic  flows  and 
oscillating  shocks;  acoustic  blockage  provides  a  fully-subsonic  mechanism  for  providing  similar-order  amplification 
for  upstream-propagating  disturbances.  The  present  work  will  further  address  acoustic-blockage  theory. 

Objectives.  The  previous  S&T  studies,  discussed  above,  identified  three  phenomena  that  we  view  as  critical  to  a 
proper  understanding  of  the  rotor/stator,  stage-to-stage  interaction  and  HCF  problems  in  compressible  flows.  These 
phenomena  are:  the  possibility  of  a  trailing-edge  singularity;  acoustic  blockage;  and  the  interaction  between 
acoustically-propagated  potential  disturbances  and  convected  disturbances.  However,  there  were  certain 
shortcomings  to  the  previous  studies.  For  one,  the  previous  studies  made  no  attempt  to  document  either  the  cascade 
in-flow  and  out-flow  conditions,  or  the  unsteady  forcing  disturbances.  Rather,  only  theoretical  work  was  done  to 
infer  the  nature  of  forcing  disturbances  from  both  the  upstream  and  downstream  sources,  particularly  the  upstream- 
propagating  potential  disturbances.  Additionally,  although  the  data  showed  that  the  flow  in  the  instrumented  region 
of  the  cascade  had  excellent  two-dimensional  character,  the  use  of  the  F109  vanes  meant  that  the  vane  chord  had  a 
slight  dependence  on  span.  Among  other  things,  this  span  dependence  limited  the  vane  instrumentation  region  to 
approximately  the  outer  25%  span  of  the  cascade  vanes.  Because  of  the  need  to  surface  mount  the  pressure 
transducers,  and  the  small  thickness  of  the  FI 09  vanes,  the  locations  where  the  vane  could  be  instrumented  were 
limited  in  the  trailing-edge  region  to  0.8  vane-chords.  With  the  suggestion  of  an  unsteady  pressure  singularity  at  the 
vane  trailing  edge,  finer  resolution  in  pressure  measurements  near  the  trailing-edge  region  is  important. 

Finally,  the  small  vane  thickness  limited  the  maximum  inlet  Mach  numbers  to  0.50,  since  the  method  of  von  Karman 
vortex  shedding,  used  as  the  forcing  technique,  stabilized  (stopped)  once  transonic  flow  developed  on  the  forcing 
cylinders.  This  stabilization  is  most  probably  due  to  the  formation  of  small  shocklets  on  the  cylinder  surface. 
Clearly,  because  of  the  indication  of  “acoustic  blockage,”  the  phenomenon  should  be  studied  up  through  transonic 
conditions.  We  believe  that  these  experimental  limitations  can  be  overcome  by  replacing  the  turning  vanes  with 
thicker  specifically-designed  vanes.  Thicker  vanes  will  afford  the  use  of  the  central  portion  of  the  cascade,  allow  for 
higher-resolution  pressure  measurements,  particularly  near  the  trailing  edges  of  the  vanes,  and  allow  for  unsteady 
measurements  through  transonic  vane-row  Mach  numbers. 

The  present  effort  includes  both  experimental  and  theoretical/computational  components  and  will  involve  unsteady 
cascade  studies  both  at  Notre  Dame  and  at  AFIT.  The  Notre  Dame  effort  will  use  a  modified  cascade  section  with  a 
highly-resolved  spatial  distribution  of  pressure  instrumentation  in  the  trailing-edge  region  of  the  cascade  vane  row,  as 
well  as  high  spatial  resolution  near  the  highest  Mach  number  regions  of  the  vanes.  Notre  Dame's  experimental  effort 
will  primarily  deal  with  an  unloaded  cascade,  while  and  AFIT’s  experimental  effort  will  primarily  deal  with  a  loaded 
cascade;  as  noted  above,  both  are  relevant  to  trailing-edge,  unsteady-pressure  singularity  issues.  As  discussed  below, 
we  will  be  exploring  different  airfoil  cross  sections,  with  the  intent  of  using  the  same  sections  in  both  cascades, 
differing  only  in  camber.  As  was  the  case  for  the  S&T  studies,  the  experimental  studies  planned  for  both  the  AFIT 
and  Noire  Dame  facilities  will  be  performed  at  real-engine  reduced  frequencies  and  at  real-engine  mass  flux, 
Reynolds  and/or  Mach  numbers.  However,  the  separate  studies  will  operate  in  different  pressures  regimes,  thus 
affording  an  ability  to  look  into  different  scaling  issues. 

Progress.  Although  the  effort  is  in  the  initial  stages,  we  have  already  made  reasonable  progress.  The  Notre  Dame 
unloaded  cascade  shown  schematically  in  Fig.  1  has  been  constructed,  and  preliminary  pressure-response  data  have 
been  collected  and  analyzed.  As  noted  in  Fig.  1,  the  cascade  is  presently  set  up  with  a  single  unloaded  vane, 
primarily  to  test  candidate  airfoil  cross-sections  and  alternatives  in  pressure  transducers;  however,  early  results 
indicate  that  the  previously-measured  trailing-edge  phenomena  is  also  distinctly  present  in  these  tests.  As  mentioned 
above,  the  nature  of  the  potential  disturbances  for  the  S&T  studies  was  inferred;  thus,  the  first  measurements  made  at 
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AFIT  will  take  a  detailed  look  at  these  forcing  disturbances,  using  the  phase-locked  data  acquisition  methods 
developed  for  the  F109  turbofan  inlet  studies.7  At  this  writing,  these  tests  are  in  the  planning  stage  with  first-data 
expected  by  mid  September  1999. 

Personnel.  In  addition  to  the  Principal  Investigator  (Dr.  P.  King,  AFIT/ENY,  937-255-3636,  EXT  4628),  the  AFIT 
portion  of  the  work  will  involve  one  graduate  research  assistant,  GRA.  The  Notre  Dame  effort  includes  the  Principle 
Investigator  (Dr.  E.  Jumper,  Dept,  of  Aerospace  and  Mechanical  Engineering,  219-631-7680)  and  two  GRA’s  in  the 
first  year;  in  addition,  to  speed  the  planned  initial  work,  a  third  GRA  over  the  first  summer. 
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Figure  1.  Top  views  of  S&T  Notre  Dame  cascade  (left)  and  new,  modified  unloaded  cascade  (right). 
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Figure  2.  Two  sine  wave  representation  of  S&T  data. 


Figure  3.  Suction  surface  upstream-traveling  wave  vs. 
primary  and  harmonic  phase. 
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Figure  4.  Pressure  surface  upstream-traveling  wave  vs. 
primary  and  harmonic  phase. 


Figure  5.  Local  Mach  number  vs.  chord  position, 
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Figure  6.  Engine-axis  2,  RMS  unsteady  pressures  for  rearward  forcing. 


x/c  x/c 


x/c  x/c 

Figure  7.  Normalized  unsteady  pressure  amplitude  for  the  fundamental 
frequency  with  increasing  Mach  number. 
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Abstract 

The  objective  of  this  project  is  to  measure  the  unsteady  flow  structure  in  axial  turbomachines 
and  use  the  data  to  address  turbulence  and  complex  flow  modeling  issues  in  complicated 
geometries.  This  report  has  two  sections.  The  first  briefly  describes  the  two-stage  axial  test 
facility  whose  construction  has  been  recently  completed.  The  second  section  presents  results 
from  analysis  of  data  on  rotor-stator  interactions  in  an  existing  centrifugal  pump  with  a  vaned 
diffuser.  The  data  is  used  to  examine  flow  modeling  at  levels  of  LES,  RANS,  and  passage 
averaging.  This  report  focuses  on  modeling  of  passage-averaged  deterministic  stresses  that 
arise  due  to  cyclic  flow  separations.  We  also  mention  conclusions  on  subgrid  modeling  for 
LES  based  on  an  increased  data  base  that  permits  better  statistical  convergence. 

Axial  Flow  Facility 

The  axial  turbomachine  test  facility  has  been  designed  and  constructed  to  allow  detailed 
measurements  of  the  velocity  distribution  within  an  entire  stage  including  the  rotor,  stator, 
gap  between  them,  inflow  into  the  rotor  and  the  wake  structure  downstream  of  the  stator. 
Sketches  of  the  system  were  included  in  the  report  last  year  but  construction  and  assembly 
have  been  completed  only  recently.  The  facility  provides  unobstructed  view  for  2-D  PIV  and 
3-D  holographic  PIV  measurements  within  the  entire  stage.  This  unlimited  access  is 
facilitated  by  using  acrylic  rotor  and  stator  (both  precision  machined),  a  fluid  with  index  of 
refraction  that  matches  that  of  the  acrylic  (water  with  Nal),  and  windows  for  illumination  and 
observation  at  any  desired  plane.  In  addition  to  the  AFOSR  grant  mentioned  above,  support 
for  constructing  this  facility  has  also  been  provided  by  ONR.  The  two  rotors  of  this  two  - 
stage  axial  turbomachine  have  a  common  shaft  supported  by  precision  bearings.  The  blades 
have  an  outside  diameter  of  30  cm  and  a  hub  diameter  of  21.6  cm.  The  design  flow  rate  is 
0.195  m3/s  and  the  total  pressure  rise  is  100  kPa.  The  system  is  driven  at  900  rpm  by  a  25  HP 
rim-driven  motor  that  is  connected  directly  to  the  rotor  of  the  first  stage.  The  second  stage  is 
driven  by  the  common  shaft.  The  test  loop  has  a  temperature  control  system  and  provides 
considerable  flexibility  in  installing  other  devices  including  pressure  transducers, 
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honeycombs  and  grids  as  well  as  modifying  the  blade  rows.  As  noted  before,  construction, 
assembly  and  initial  testing  of  this  facility  has  been  completed  recently.  The  PIV 
measurements  will  resume  next  month. 

Addressing  Turbulence  Modeling  Problems  in  Turbomachines 
Background:  Numerical  simulations  of  flows  within  an  entire  multistage  turbomachine 
cannot  be  performed  using  unsteady  RANS  on  a  routine  basis  due  to  practical  constraints. 
While  performing  RANS  of  each  blade  row  separately  one  is  faced  with  difficulties  in 
matching  boundary  conditions.  In  the  “passage-averaged”  approach  (Adamczyk,  1985) 
unsteady  effects  caused  by  neighboring  rows  are  averaged  out  and  accounted  for  through 
“deterministic”  stresses.  While  the  present  axial  flow  facility  is  being  constructed  we  have 
used  PIV  data  generated  in  a  centrifugal  pump  facility  with  a  vaned  diffuser  (a  project  funded 
by  ONR)  to  examine  the  Reynolds  and  Deterministic  stresses  associated  with  rotor-stator 
interactions.  The  Reynolds  stresses  are  determined  from  the  difference  between  the 
instantaneous  and  the  phase  averaged  velocity  distributions.  The  deterministic  stresses  are 
obtained  from  the  difference  between  the  phase-averaged  and  passage  averaged  (over  all 
phases)  velocity.  Previous  studies  have  shown  that  deterministic  stresses  can  be  of  similar  or 
higher  magnitude  than  the  Reynolds  stresses  (e.g.  Rhie  et  al.,  1995). 

Experimental  results  in  centrifugal  pump:  The  experiments  were  performed  in  a  transparent 
pump  flow  visualization  facility  that  enables  PIV  measurements  within  the  impeller,  the  gap 
between  the  rotor  and  the  stator,  between  the  diffuser  vanes  and  in  the  volute.  Detailed 
information  on  this  centrifugal  facility  and  the  available  data  are  presented  in  Sinha  and  Katz 
(1999)  and  Sinha  et  al.  (1999).  The  impeller  has  five  backward  swept  blades  and  inlet  and  tip 
diameters  of  8.51  cm  and  20.32  cm,  respectively.  The  diffuser  has  9  blades  with  chordlength 
of  13.44  cm,  inside  diameter  of  24.45  cm  and  discharge  diameter  of  30.5  cm.  The  pump  is 
operating  at  design  conditions  at  890  rpm.  The  PIV  system  utilizes  a  Nd-Yag  laser  as  a  light 
source  and  a  2K  x  2K  pixels2  digital  camera  with  hardware  based  image-shifter.  Neutrally 
buoyant,  ~30  |im  diameter,  fluorescent  particles  are  used  as  tracers.  We  measures  the  phase 
averaged  velocity  distributions  every  10°  of  impeller  blade  orientations  by  averaging  100 
instantaneous  distributions  at  each  phase.  The  Reynolds  stresses  are  determined  from  the 
difference  between  the  instantaneous  and  phase  averaged  data. 

The  passage  averaged  velocity  and  deterministic  stresses  in  the  diffuser  frame  of  reference 
are  calculated  by  averaging  velocity  fields  of  the  same  domain  that  are  obtained  at  different 
impeller  orientations.  Figures  la,b  show  the  resulting  passage  averaged  velocity  and 
deterministic  kinetic  energy.  The  dominant  deterministic  stresses  occur  along  the  suction  side 
of  the  diffuser  vane.  The  primary  mechanism  causing  these  stresses  is  variations  in  the 
incidence  angle  at  the  entrance  to  the  vane  passage  that  result  in  phase-dependent  leading 
edge  separation.  Further  downstream  along  the  suction  side,  the  stresses  are  caused  by  phase- 
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dependent  mid-vane  separation.  This  latter  phenomenon  is  associated  with  unsteady  pressure 
at  the  entrance  to  the  passage.  In  both  cases,  the  dominant  phenomenon  is  the  response  of  the 
boundary  layer  on  the  diffuser  vane  to  the  non-uniform  outflux  from  the  impeller.  This  non- 
uniformity  is  associated  mainly  with  the  "jet-wake"  phenomenon,  i.e.  higher  radial  velocity 
on  the  pressure  side  of  the  impeller  blade  and  low  in  the  suction  side,  and  conversely,  high 
circumferential  velocity  in  the  suction  side  and  low  in  the  pressure  side  (Dean  &  Senoo, 
1960).  These  non-uniformities  occur  in  addition  to  the  viscous  wake  of  the  impeller.  In  the 
present  flow,  they  are  dominant. 


X(WW) 


Figure  1:  a.  passage-averaged  velocity  distribution;  b.  deterministic  kinetic  energy  in  the 
stator  frame  of  reference  for  flow  within  a  centrifugal  pump  with  a  vaned  diffuser. 

Determination  of  the  passage-averaged  velocity  and  stresses  in  the  rotor  frame  of  reference  is 
a  more  complicated  process  since  we  need  to  rotate  the  measured  velocity  field  of  different 
phases  and  match  the  location  of  the  impeller  blade.  In  order  to  obtain  passage-averaged  data 
over  a  domain  that  covers  at  least  one  vane  passage,  the  rotated  velocity  field  must  be 
substantially  larger.  To  obtain  this  data  we  patch  two  flow  fields  of  the  same  domain  that  are 
recorded  at  different  impeller  phases  as  illustrated  in  Figure  2a.  A  series  of  five  such  pairs 
along  with  interpolated  fields  are  then  rotated  and  aligned  such  that  the  impeller  blade  is 
located  in  the  same  place.  The  rotor  passage-averaged  velocity  distribution  (Fig.  2b)  clearly 
shows  the  wake  of  the  impeller  blade.  Also,  the  high  stresses  (Fig.  2c)  occur  in  the  domain 
occupied  by  the  diffuser  vanes  that  have  been  passage-averaged  out.  However,  high 
deterministic  stresses  occur  also  in  the  wake  of  the  impeller.  This  effect  is  caused  by 
meandering  of  the  wake  due  to  the  circumferential  nonuniformities  of  the  pressure 
distribution  upstream  of  the  diffuser  vanes. 

Modeling  of  deterministic  stresses:  As  a  preliminary  step,  we  focus  attention  on  modeling  the 
deterministic  stress  distributions  in  the  stator  frame  due  to  cyclic  leading  edge  separation.  As 
a  measure  of  variations  in  incidence  angle,  we  evaluate  a,  the  angle  between  the  velocity 
slightly  upstream  (~2mm)  of  the  stator  leading  edge  and  the  circumferential  direction.  Shown 
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in  Fig.  3a  (squares)  is  a  as  a  function  of  rotor  orientation.  At  206°,  when  the  stator  leading 
edge  is  inside  the  "jet  region"  of  the  rotor  outflow,  a  is  large.  Conversely,  when  the  stator 
leading  edge  is  in  the  rotor's  wake  region,  a  is  low.  It  can  be  observed  from  the  various 
phase-averaged  velocity  distributions  (not  shown  here,  see  Sinha  &  Katz  1999)  that  at  206° 
orientation  leading  edge  separation  occurs.  To  model  the  deterministic  stresses  in  the  stator 
vane  passage,  we  must  rely  on  information  that  is  available  during  simulation  of  passage- 
averaged  equations,  such  as  the  passage-averaged  velocity  field  in  the  rotor  reference  frame. 
As  discussed  before,  this  velocity  field  is  dominated  by  the  "jet-wake"  phenomenon  that 
causes  the  incidence  angle  variations  observed  in  Fig.  3a.  In  order  to  demonstrate  this  trend 
we  evaluate  the  circumferential  variations  in  "incidence  angle"  at  the  same  radial  location 
upstream  of  the  stator-blade  leading  edge,  using  the  rotor  passage-averaged  velocity 
distribution  (Fig.  2b),.  The  circumferential  variations  are  plotted  in  terms  of  the  equivalent 
rotor  blade  orientation  in  Fig.  3a  (circles). 
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The  trend  of  decrease  of  incidence  angle  in  going  from  the  jet  to  the  wake  region  is  clearly 
reproduced.  Also,  the  last  point  in  the  phase-averaged  results  shows  a  slight  increase,  as  does 
the  rotor  passage-averaged  distribution,  although  with  a  slight  shift.  The  large  difference 
(about  15°)  in  angle  can  be  reduced  by  repeating  the  comparison  at  a  point  further  upstream 
of  the  stator  blade,  i.e.  approaching  conditions  that  are  more  representative  of  the  "free- 
stream"  inlet  condition  to  the  stator  -  at  this  stage  we  present  these  preliminary  results  to 
highlight  qualitative  trends  only. 


Figure  3.  (a)  Variation  of  "incidence  angle"  a  with  rotor  orientation.  Squares:  a  in  phase- 
averaged  velocity  distributions.  Circles:  a  at  same  location  in  the  rotor  passage-averaged 
velocity,  (b)  Simple  model  for  leading-edge  separation  induced  by  high  incidence  angle,  (c) 
Deterministic  kinetic  energy  as  determined  from  the  difference  velocity  shown  in  (b). 

The  state-of-the-art  modeling  for  deterministic  stresses,  the  "swept  wake"  approximation 
(Adamczyk  1985),  has  shortcomings.  Unlike  the  strongly  peaked  distribution  of  real 
deterministic  stresses  shown  in  Fig.  lb,  the  model  predicts  a  circumferentially  uniform  stress 
field,  since  in  this  model  the  rotor  flow-field  is  rotated  (swept)  neglecting  the  interactions 
with  the  stator.  Below  we  present  some  preliminary  ideas  of  an  improved  modeling  approach. 
The  idea  is  based  on  postulating  a  (simple)  velocity  field  to  model  the  difference  between 
passage-averaged  and  phase-averaged  velocity  fields  at  different  rotor  orientations.  The 
resulting  deterministic  stresses  are  equal  to  the  dyadic  product  between  the  different 
components  of  the  modeled  velocity  difference,  weighted  by  the  fraction  (f )  of  the  cycle  in 
which  the  phase-averaged  flow  is  separated.  The  postulated  model  velocity  field  can  be 
obtained  at  varying  levels  of  sophistication,  depending  on  the  level  of  accuracy  desired  and 
on  available  computational  resources.  At  the  one  end,  one  could  perform  several  (e.g.  2-D) 
steady  calculations  with  varying  incidence  angles  and  build  a  "look-up  table"  from  which  the 
deterministic  stresses  are  evaluated.  The  cost  of  this  option,  while  still  significantly  lower 
than  that  of  unsteady  RANS,  would  be  considerable.  On  the  other  end,  one  can  postulate 
highly  simplified  flow  fields  with  a  few  parameters,  to  be  fitted  from  available  data.  As  a 
very  preliminary  example,  we  add  a  Taylor  vortex  (plus  its  image  to  mimic  the  wall)  to  the 


127 


stator  passage-averaged  velocity.  Parameters  of  the  vortex  (strength,  thickness,  and  location 
along  the  blade)  must  be  expressed  in  terms  of  relevant  parameters.  In  addition,  one  must 
know  the  fraction /of  the  cycle  during  which  the  flow  is  separated.  Figure  3b  shows  such  a 
"difference"  field  for  a  specific  choice  of  parameters,  and  3c  shows  the  implied  distribution 
of  deterministic  kinetic  energy.  Comparing  with  Fig.  lb,  it  appears  that  the  main  peak  can  be 
described  by  this  sort  of  simplified  model.  However,  the  comparison  also  shows  that  many 
problems  remain,  including  mid-vane  separation  and  the  wakes.  Moreover,  for  quantitative 
comparisons  we  must  specify  the  "vortex  model"  parameters  in  terms  of  information 
available  to  the  simulator.  This  is  still  an  open  challenge,  which  will  be  the  subject  of 
continued  work  for  next  year. 

LES  modeling :  We  have  completed  the  analysis  of  subgrid-scale  kinetic  energy  dissipation 
using  a  box-filter.  Interestingly,  the  SGS  dissipation  shows  negative  peaks  in  the  shear  layer 
developing  due  to  mid-span  separation  on  the  suction  side  of  the  stator  vane.  This  negative 
peak  indicates  “backscatter”  of  kinetic  energy.  We  conjecture  that  it  is  associated  with  vortex 
pairing  in  the  shear  layer.  Such  a  process  cannot  be  reproduced  by  the  eddy-viscosity  model. 
Last  year  we  reported  that  even  after  phase  averaging  of  the  SGS  dissipation,  backscatter 
events  persisted.  At  the  time,  only  35  data  sets  were  available  (at  the  same  phase).  This  year 
we  have  completed  the  analysis  by  enlarging  the  sample  to  100  data  sets.  The  improved 
convergence  (not  shown)  still  gives  backscatter  in  the  separating  shear-layer,  confirming  that 
this  trend  is  a  statistically  robust  phenomenon. 
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Abstract 

A  two-component  Doppler  Global  Velocimeter  (DGV)  system  has  been  developed,  along  with 
a  two-component  Point  Doppler  Velocimeter  (PDV)  system.  Velocity  measurements  have 
been  obtained  for  both  systems  to  quantify  accuracy,  for  velocity  distributions  over  the  surface 
of  a  rotating  wheel,  and  for  simple  flows  such  as  fully-developed  turbulent  pipe  flow,  circular 
jet  flow,  and  the  flow  over  an  NACA  0012  airfoil  model. 

Based  upon  rotating  wheel  data,  PDV  data  linearity  is  ±  0.5  %  (ie,  +  0.3  m/sec,  out  of  57 
m/sec).  PDV  turbulent  pipe  flow  data  show  consistent  turbulence  intensities,  and  mean  axial 
velocity  profiles  agree  with  pitot-static  probe  data.  Recent  PDV  data  for  the  flow  over  an 
NACA  0012  airfoil  show  mean  velocities  that  agree  with  hot  wire  data  to  within  ±  2-3  m/sec, 
while  the  RMS  data  agree  to  within  ±  0.5-0.7  m/sec.  Also,  recent  PDV  data  in  a  turbulent 
circular  jet  show  similar  agreement  with  hot  wire  data.  However,  offset  errors  are  observed  in 
the  mean  velocity  data  which  are  on  the  order  of  2-5  m/sec. 

Accuracy  of  the  DGV  system  has  also  been  investigated.  For  rotating  wheel  results,  RMS 
noise  levels  are  ±1  m/sec  out  of  58  m/sec,  while  total  velocity  range  errors  are  ±1-2  m/sec. 
Fully  turbulent  pipe  and  jet  flow  mean  velocity  measurements  agree  with  pitot-static  probe 
traverse  data.  The  zero  velocity  offset  error  has  been  corrected  to  within  about  2-5  m/sec 
using  a  reference  tab  to  record  zero  velocity  signals.  DGV  RMS  data  do  not  agree  with  hot 
wire  measurements,  as  expected. 

Introduction 

Several  different  non-intrusive  whole  field  velocimetry  techniques  are  currently  under 
development  which  provide  velocity  data  in  a  plane,  which  can  thus  reduce  the  time  required 
to  map  out  a  complex  flow  field.  This  project  is  exploring  the  accuracy  of  DGV,  a 
nonintrusive,  planar  imaging,  Doppler-based  velocimetry  technique,  as  well  as  the  accuracy  of 
related  PDV.  Both  of  these  techniques  use  an  iodine  vapor  cell  to  determine  the  Doppler  shift, 
and  hence  the  velocity,  of  small  seed  particles  in  a  flow  field,  as  these  particles  pass  through  a 
two-dimensional  sheet  of  laser  light.  The  same  portion  of  the  light  sheet  is  viewed  through  a 
beam  splitter,  either  by  a  pair  of  video  cameras  (for  DGV),  or  a  pair  of  photodetectors  (for 
PDV),  with  the  iodine  cell  placed  in  the  optical  path  of  one  of  the  cameras  or  photodetectors. 
Laser  wavelength  and  cell  absorption  band  are  matched  such  that  flow  velocities  of  interest 
yield  Doppler  shifted  frequencies  in  the  linear  portion  of  the  absorption  band  of  the  cell.  As  a 
result,  the  ratio  of  the  light  intensities  seen  by  the  two  detectors  at  a  point  in  the  flow  yields  a 
signal  that  is  proportional  to  the  particle  velocity. 

A  two-channel  non-scanned  point  PDV  system  has  been  developed  (Kuhlman,  et  al.,  1997), 
along  with  a  two-channel  planar  imaging  DGV  system  (Naylor  and  Kuhlman,  1998,  1999). 
The  accuracy  limits  of  both  systems  are  being  systematically  explored,  through  a  series  of 
measurements  in  relatively  simple,  unheated  flows  such  as  fully-developed  turbulent  pipe 
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flow,  a  circular  jet,  and  the  flow  over  an  airfoil.  A  rotating  wheel  is  also  being  used  as  a 
velocity  standard.  While  current  DGV  systems  lack  the  accuracy  or  resolution  of 
conventional  LV  or  PIV  (accuracy  of  mean  velocity  typically  on  the  order  of  5%  of  full  scale, 
versus  1%  for  LV),  DGV  has  proven  in  a  short  time  to  be  a  very  flexible  whole-field 
velocimetry  technique. 

Apparatus  and  Procedure 

The  present  point  PDV  system  closely  follows  the  basic  DGV  system  that  was  originally 
developed  by  Meyers  et  al.  (1991),  except  that  photodiodes  have  been  used,  along  with  front 
lenses  and  pinholes,  to  collect  scattered  light  from  a  single  point  in  a  seeded  flow.  Kuhlman,  et 
al.  (1997)  and  James  (1997)  have  described  the  PDV  system  in  detail.  A  reference  iodine  cell 
has  been  used  to  compensate  for  laser  frequency  drift.  Calibration  of  the  iodine  cells  has  been 
accomplished  using  a  continuous  scan  of  the  mode  structure  of  the  cw  Argon  ion  laser,  by 
mechanically  altering  the  tilt  of  the  etalon  through  about  10-20  mode  hops  (James,  1997). 

DGV  system  hardware  has  been  described  in  Naylor  and  Kuhlman  (1998,  1999),  and  in  more 
detail  in  Naylor  (1998).  Most  of  this  hardware  is  similar  to  that  used  for  the  PDV  system. 
Eight-bit  Hitachi  KP-M1  CCD  cameras  and  a  Matrox  Genesis  frame  grabber  have  been  used 
to  capture  images  for  the  DGV  system.  All  four  cameras  are  read  simultaneously  using 
horizontal  and  vertical  sync  pulses  from  the  Genesis  board.  Nikon  35-135mm,  f3.5-4.5  zoom 
lenses  have  been  used  with  the  CCD  cameras,  because  of  their  versatility  in  imaging  different 
sized  areas  over  a  wide  range  of  distances.  Polarizing  filters  have  been  placed  in  front  of  the 
beam  splitters  to  minimize  effects  due  to  polarization  sensitivity  of  the  beam  splitters.  Image 
processing  software  has  been  developed,  as  described  by  Naylor  (1998),  which  closely  follows 
the  image  processing  methods  developed  at  NASA  Langley  by  Meyers  (1992,  1996).  Flow 
seeding  for  DGV  and  PDV  measurements  is  provided  by  a  commercial  fog  machine,  which 
feeds  a  large  plenum  to  damp  out  pulsations  in  smoke  output. 

Most  recent  results  include  2-component  PDV  data  for  the  flow  over  a  nominally  11.8  inch 
chord  NACA  0012  airfoil  model  at  zero  degrees  angle  of  attack,  as  described  in  Kuhlman  and 
Webb  (1999).  The  airfoil  has  been  mounted  at  the  exit  of  a  2.25x3.25  inch  flow  channel,  fed 
by  a  blower  capable  of  exit  velocities  of  40-45  m/sec.  The  present  results  have  been  obtained 
at  an  exit  velocity  of  21  m/sec,  due  to  limitations  on  removing  the  smoke-seeded  flow  from 
the  laboratory.  Several  series  of  2-component  PDV  data  and  single  component  hot  wire  data 
have  been  obtained  at  eleven  chordwise  stations  along  the  airfoil,  from  x/c=0.13  to  x/c=0.98. 
All  data  have  been  obtained  at  a  fixed  z  location  of  0.5"  above  the  airfoil  shoulder  (z/c=0.04). 
At  each  location  data  have  been  obtained  at  a  sampling  rate  of  10  kHz,  in  lk,  4k,  or  16k 
blocks.  The  present  results  are  for  lk  data  records,  corresponding  to  0.1  sec  time  records. 
This  has  been  done  to  minimize  the  time  required  to  obtain  a  PDV  data  set,  in  order  to 
minimize  time  for  iodine  cell  stem  temperatures  to  drift.  Such  drift  of  the  temperatures  of  the 
iodine  cell  stems  has  been  identified  as  the  key  source  of  the  apparently  randomly  varying 
offset  errors  in  mean  velocity  results.  From  these  lk  time  series,  mean  and  RMS  velocities,  as 
well  as  time  autocorrelation  coefficients  and  power  spectra,  have  been  computed  for  both  the 
PDV  and  hot  wire  data,  to  assess  the  accuracy  of  the  PDV  system  for  turbulence 
measurements.  Also,  recently  PDV  data  has  been  obtained  for  flow  from  a  1“  diameter 
circular  jet  nozzle  having  a  16:1  area  ratio  contraction  and  capable  of  velocities  up  to  100 
m/sec. 
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Results 

Early  PDV  data  repeatability,  as  documented  in  the  thesis  by  Ramanath  (1997),  was  poor. 
However,  improved  cell  calibration  procedures  (James,  1997)  have  significantly  increased  PDV 
and  DGV  system  accuracy.  Both  single  and  2-component  PDV  data  measured  on  a  rotating 
wheel  have  been  presented  by  James  (1997),  and  by  Kuhlman,  et  al.  (1997).  Total  wheel 
velocity  range  for  these  measurements  was  57  m/sec,  so  the  observed  the  velocity  error 
magnitudes  of  approximately  ±  0.6-1. 2  m/sec,  correspond  to  1-2  %  errors,  which  is  quite  good. 
Also,  the  standard  deviations  of  the  actual  PDV  wheel  velocity  data  points  from  the  least  squares 
linear  curve  fits  have  been  found  to  be  0.5-0.7  %. 

Two-component  PDV  data  obtained  from  a  traverse  across  the  exit  of  the  fully-developed  pipe 
flow  at  a  nominal  Reynolds  number  of  76,000,  have  been  previously  presented  by  Kuhlman 
(1998).  The  axial  mean  velocities  agree  well  with  results  from  a  pitot-static  probe  survey,  but 
circumferential  mean  velocities  display  an  offset  error  on  the  order  of  2-5  m/sec.  Turbulent 
velocity  levels  agree  with  hot  wire  data  of  Laufer  (1954).  Significant  difficulties  occur  near  the 
pipe  walls,  both  due  to  reduced  signal-to-noise  levels  due  to  less  smoke,  and  to  secondary 
scattering  and  reflections  of  the  scattered  light  off  of  the  pipe  walls.  However,  the  greatest 
difficulty  was  in  obtaining  accurate,  reliable  zero  velocity  values. 

Comparisons  of  the  recent  PDV  data  and  hot  wire  data  are  shown  in  Figs.  1-2,  taken  from 
Kuhlman  and  Webb  (1999).  Fig.  1  compares  the  mean  velocity  results  for  4  PDV  data  sets  with 
5  hot  wire  data  sets,  each  taken  over  the  NACA  0012  airfoil  model  at  zero  degrees  angle  of 
attack.  PDV  streamwise  mean  velocities  show  a  total  variation  at  fixed  x/c  of  about  5-6  m/sec 
for  the  4  runs;  this  variability  is  consistent  with  earlier  PDV  data  (Kuhlman,  1998)  and  DGV 
data  (Naylor  and  Kuhlman,  1999).  These  mean  velocities  agree  with  hot  wire  data  to  within  ±  2- 
3  m/sec.  PDV  RMS  velocities  (Fig.  2)  agree  with  corresponding  hot  wire  data  to  within  about 
0.5  m/sec,  and  display  a  similar  level  of  repeatability  from  run  to  run.  The  PDV  correlation 
coefficients  agree  well  with  hot  wire  correlation  coefficients;  both  autocorrelations  decay  in  less 
than  10  msec  (Kuhlman  and  Webb,  1999).  However,  PDV  power  spectra  show  a  larger  amount 
of  noise  than  hot  wire  data  at  frequencies  above  500-1000  Hz  (Kuhlman  and  Webb,  1999). 

Recent  2-component  PDV  data  in  a  circular  jet  are  shown  in  Figs.  3-6.  Mean  and  RMS  data  at 
the  jet  exit  (x/D=0.25,  where  D=exit  diameter)  are  shown  in  Figs.  3-4,  while  similar  results  are 
shown  in  Figs.  5-6  for  x/D=6.  Mean  streamwise  velocities  at  the  exit  (Fig.  3)  again  show  about 
5  m/sec  of  offset  from  preliminary  pitot-static  probe  results  on  the  centerline  at  the  exit. 
Measured  PDV  mean  circumferential  velocity  varies  by  about  2  m/sec  from  the  correct  value  of 
zero.  RMS  velocities  are  between  1  and  2  m/sec  on  the  centerline  (Fig.  4).  At  x/D=6,  the  PDV 
mean  streamwise  velocity  profile  (Fig.  5)  appears  Gaussian  in  shape,  as  expected.  Both  the 
mean  streamwise  and  circumferential  velocities  display  offset  errors  of  4-5  m/sec  from  the 
correct  values  at  x/D— 6.  RMS  velocities  have  risen  to  4-10  m/sec  (Fig.  6).  It  is  planned  that 
detailed  comparisons  will  be  made  between  PDV  and  hot  wire  data  for  this  turbulent  circular  jet 
flow  field.  Also,  the  same  jet  flow  facility  has  been  modified  to  allow  PDV  and  hot  wire  data  to 
be  obtained  for  a  swirling  jet  as  well  as  for  an  annular  jet,  so  that  more  complex  flows  may  be 
studied. 

Recent  analysis  of  the  offset  error  has  indicated  that  it  is  largely  due  to  the  random,  uncorrelated 
variations  in  iodine  cell  stem  temperatures.  This  stem  temperature  variation  has  been  observed 
to  vary  with  a  short  term  RMS  of  0.1  degrees  C  (Naylor,  1998).  This  has  been  found  to 
correspond  to  an  error  in  Doppler  shift  frequency  of  7  MHz,  resulting  in  a  mean  velocity 
error  of  from  2  to  10  m/sec,  depending  on  the  geometry  and  viewing  direction  of  the  PDV 
system.  This  level  of  velocity  error  is  consistent  with  the  observed  mean  velocity  offset. 
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Conclusions  and  Future  Plans 

Linearity  of  the  two-component  Point  Doppler  Velocimeter  (PDV)  system,  based  on  rotating 
wheel  velocity  results,  is  ±  0.3  m/sec  over  a  velocity  range  of  57  m/sec  (ie,  ±  0.5  %  of  full  scale). 
Two-component  PDV  velocity  data  have  been  obtained  for  a  fully-developed  turbulent  pipe  flow 
at  a  Reynolds  number  of  approximately  76,000.  Turbulence  intensity  values  agree  with  hot  wire 
data,  and  mean  axial  velocity  data  agree  with  pitot-static  probe  results.  However,  mean  velocity 
results  show  a  random  offset  error  which  is  as  large  as  2-5  m/sec.  This  mean  velocity  error  has 
been  found  to  be  largely  due  to  variations  in  the  iodine  cell  stem  temperatures  of  the 
measurement  cell  and  reference  cell.  Similar  agreement  between  the  PDV  data  and  hot  wire  data 
has  recently  been  obtained  for  the  flow  over  an  NACA  0012  airfoil,  and  for  turbulent  circular  jet 
flow. 

Additional  work  is  under  way  to  upgrade  the  iodine  cells  and  beam  splitters  used  in  the 
present  system.  Vapor-limited  iodine  cells  have  recently  been  delivered  and  are  presently 
being  installed,  along  with  polarization-insensitive  beam  splitters.  Then,  both  PDV  and  DGV 
data  will  be  taken  in  the  one-inch  diameter  circular  jet  facility,  for  comparison  with  pitot-static 
probe  and  hot  wire  data  that  is  presently  being  obtained.  It  is  expected  that  the  new,  vapor- 
limited  cells  will  largely  eliminate  the  mean  velocity  offset  error  that  has  been  observed  in  all 
point  and  DGV  data  taken  to  date.  Also,  a  DGV  system  using  line  scan  cameras  is  under 
development,  and  a  higher  power,  pulsed  Nd:YAG  laser  will  be  added  to  the  existing  system. 
These  efforts  are  aimed  at  both  improving  measurement  accuracy  and  allowing  turbulence 
measurements  to  be  made  with  the  improved  DGV  systems. 
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Fig.  1  Comparison  of  PDV  and  hot  wire 
streamwise  mean  velocity  over  airfoil  (open 
symbols-PDV,  filled  symbols-HW) 


Fig.  2  Comparison  of  PDV  and  hot  wire 
streamwise  RMS  velocity  over  airfoil  (open 
symbols-PDV,  filled  symbols-HW) 
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Fig.  3  2-Component  PDV  mean 
velocity  data  in  circular  jet  -  X/D  =  0.25 


y/D 


Fig.  5  2-Component  PDV  mean 
velocity  data  in  circular  jet  -  X/D  =  6 
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Fig.  4  2-Component  PDV  RMS 
velocity  data  in  circular  jet  -  X/D  =  0.25 
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Fig.  6  2-Component  PDV  RMS 
velocity  data  in  circular  jet  -  X/D  =  6 
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Summary 

The  primary  objective  of  this  research  is  to  develop  large  eddy  simulations  (LES)  as  a 
tool  for  heat  transfer  prediction  over  a  turbine  blade  immersed  in  a  hot  stream  containing 
free-stream  turbulence  (FST).  The  research  consists  of  developing  and  validating  the  LES 
methodology  on  a  series  of  test  problems,  before  it  can  be  applied  to  the  turbine  blade 
problem.  These  test  problems  are  chosen  to  allow  a  detailed  validation  of  the  elements 
critical  to  heat  transfer  prediction  on  a  turbine  blade.  These  are  (in  order  of  increasing 
complexity/realism)  : 

(1)  Simulation  of  realistic  free-stream  turbulence  with  intensity  and  length  scale  appropri¬ 
ate  for  turbine  blade  heat-transfer  and  its  interaction  with  blade  leading  edge  region 

(2)  Simulation  of  the  disturbed  turbulent  boundary  layers  over  an  idealized  blade  surface 
in  presence  of  free-stream  turbulence 

(3)  Simulation  of  boundary  layer  heat-transfer  under  free-stream  turbulence  in  presence 
of  film-cooling  jets  on  an  idealized  blade  surface 

(4)  Simulation  of  realistic  turbine  blade  heat-transfer  under  free-stream  turbulence. 
Research  under  the  present  grant  is  focussed  on  items  (1)  and  (2)  while  items  (3)  and  (4) 
are  subjects  for  future  work. 


Progress 

A  new  LES  code  for  turbine  blade  heat-transfer  under  free-stream  turbulence  was 
developed.  The  work  completed  in  FY  99  has  focussed  on  numerical  algorithms,  boundary 
conditions  and  the  validation  of  the  LES  tool.  One  graduate  student  (Andy  Xiong)  is 
carrying  out  his  dissertation  research  under  this  project.  A  summary  of  the  key  research 
results  will  be  given  first  and  is  followed  by  a  discussion  of  our  future  plans. 

LES  code  development 

A  computer  code  recently  developed  for  a  different  project  (Collis  and  Lele,  1997) 
which  combines  high-order  finite-difference  schemes  on  curvilinear  coordinates  with  im¬ 
plicit  time  advancement  was  adapted  to  perform  the  LES  calculations  of  heat  transfer 
under  free-stream  turbulence.  This  extension  of  the  original  code  required  progress  in 
three  major  areas:  grid-generation,  boundary  conditions,  and  implementation  of  solution 
algorithm  for  three-dimensional  flows  including  the  subgrid-scale  models  for  LES. 
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The  grid/mesh  requirements  for  conducting  LES  studies  of  turbine-blade  heat-transfer 
are  very  different  from  those  for  needed  with  RANS  approach.  The  need  to  directly  re- 
spresent  the  large  scale  energy-containing  eddies  of  free-stream  turbulence  limits  the  grid 
stretching  which  can  be  used  away  from  the  body.  In  previous  year’s  progress  report 
this  and  other  grid  generation  issues  and  appropriate  boundary  conditions  which  model 
the  experimental  wind-tunnel  situation  while  permitting  the  imposition  of  desired  inflow 
were  detailed.  Some  further  refinements  to  the  boundary  conditions  were  made.  These 
allow  smooth  solutions  to  be  obtained  near  the  confining  walls  of  the  ‘wind  tunnel’  with¬ 
out  the  need  for  artificial  dissipation.  This  improvement  also  helps  in  accurately  main¬ 
taining  the  free-stream  turbulence.  Laminar  flows  over  idealized  blade  surfaces  matching 
those  used  in  the  experiments  by  Van  Fossen  et.  al.  (1995)  were  computed  at  different 
Reynolds  numbers,  and  temperature  ratios.  Figure  1  shows  a  schematic  of  geometry,  the 
grid  used  (not  all  points  shown),  and  the  non-dimensional  parameters.  The  converged 
laminar  solutions  obtained  from  the  Navier-Stokes  solver  were  compared  in  detail  with 
the  high-Reynolds  number  laminar  boundary  layer  theory.  The  boundary  layer  analytical 
solutions  accounted  for  the  density  variations  and  compressibility  via  the  use  of  Stewartson 
tranformation  (Reshotko  and  Beckwith,  1958).  Figure-2  shows  an  example  of  the  laminar 
flow  obtained  at  a  Reynolds  number  Re  =  PooUooR/ Poo  —  105  and  Tw/Toi00  =  0.5  and 
Moo  =  0.18.  Note  the  reference  length  scale  is  taken  to  be  the  leading-edge  radius  of  cur¬ 
vature,  R.  Very  good  agreement  with  the  theoretical  boundary  layer  profiles  is  obtained. 
Most  heat-transfer  experiments  on  the  effects  of  free-stream  turbulence  have  been  carried 
out  at  low-Mach  number,  and  the  range  of  Reynolds  number  Re  is  105  to  106.  Turbine 
blade  flows,  however,  are  in  low-transonic  range  and  their  Reynolds  number  (based  on 
chord)  varies  from  105  to  107  (depending  on  the  turbine  stage  and  altitude).  The  current 
code  is  expected  to  provide  accurate  solutions  over  the  low-transonic  range,  but  before 
such  flows  are  computed  it  is  necessary  to  validate  the  LES  capability  in  the  low-Mach 
number  range  for  which  detailed  experimental  data  is  available.  This  assessment  is  carried 
out  in  two  steps  as  discussed  below. 

Disturbed  Boundary  Layers  with  organized  disturbances 

An  efficient  solution  algorithm  for  LES  with  free-stream  turbulence  was  developed 
and  implemented.  One  important  consideration  in  the  choice  of  algorithms  is  the  signif¬ 
icant  region  of  low-speed  subsonic  flow  near  the  leading-edge  region  of  a  turbine  blade. 
This  region  is  also  the  most  critical  for  heat-transfer  predictions.  The  boundary  layers  are 
expected  to  be  quite  thin  in  this  region,  and  to  adequately  resolve  them  requires  a  suffi¬ 
ciently  fine  mesh  close  to  the  body.  These  considerations  imply  that  an  explicit  solution 
algorithm  is  inappropriate  and  algorithms  with  a  single  implicit  direction  would  also  be 
insufficient.  We  developed  a  three-dimensional  extension  of  the  implicit  algorithm  of  Collis 
&  Lele  (1997)  to  overcome  these  difficulties. 

We  use  Fourier  spectral  method  in  the  spanwise  direction.  Our  algorithm  is  based 
on  decomposing  the  flow  variables  into  a  spanwise  average  and  the  deviation  from  this 
average.  All  transport  terms  involving  the  spanwise-average  are  treated  implicitly  and  the 
rest  are  treated  explicitly  as  source  terms.  These  nonlinear  source  terms  are  evaluated  in 
physical  space  and  are  dealiased  using  the  3/2-rule,  while  the  time  advancement  is  carried 
out  in  wave  space.  This  allows  the  3-D  code  to  have  the  efficiency  of  psuedo-spectral 
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method.  The  implicit  treatment  allows  the  time  step  to  be  based  on  the  physical  unsteady 
behavior  and  not  limited  by  the  acoustic-wave  based  CFL  restriction. 

This  new  LES  code  has  been  tested  to  assess  the  impact  of  inflow  disturbances  on 
the  stagnation  point  flow  over  the  test-geometry.  For  this  purpose  simulations  with  orga¬ 
nized  inlet  disturbances  were  carried  out.  Spanwise  variations  of  1-5%  to  the  free-stream 
velocity  were  prescribed  at  the  inflow  boundary.  The  spanwise  scale  of  these  variations 
L  was  chosen  to  be  2  times  the  blade-nose-radius  and  the  Reynolds  number  Re  =  104, 
which  approximates  gives  S/R  =  10-2  and  thus  L/8  «  200.  The  large-scale  free-stream 
disturbances  are  of  specific  interest  in  heat-transfer  studies.  Figures  3-5  shows  an  example 
of  results  obtained  with  organized  inlet  disturbance.  Note  that  these  are  disturbed  laminar 
flows  and  no  subgrid  model  is  used.  Figure  3  shows  a  composite  visualization  of  the  flow. 
Contours  of  streamwise  velocity  are  combined  with  a  plot  of  the  contours  of  streamwise 
vorticity  in  this  figure.  Also  shown  is  are  contours  of  spanwise  velocity.  Strong  regions 
of  counterrotating  streamwise  vortices  form  in  the  stagnation  region.  They  are  attributed 
to  the  vortex-stretching  mechanism  studied  by  Sutera  (1965).  In  regions  of  common  up¬ 
draft  the  heat-transfer  to  the  surface  is  reduced  below  it  laminar  value.  More  critical  are 
the  regions  located  under  the  common  downdraft  which  thins  out  the  boundary  layer  and 
causes  intense  heat-transfer.  Figure  4  shows  the  variation  of  the  two  components  of  the 
velocity  disturbance  along  the  ‘stagnation  streamline’.  The  irrotational  distortion  of  the 
inlet  disturbance  and  the  boundary-layer  modification  near  the  body  are  readily  observed. 
Figure  5  shows  the  detail  of  the  boundary-layer  structure  of  the  disturbances.  The  behavior 
observed  is  consistent  with  ‘rapid-distortion’  theory  by  Hunt  (1973). 

Specification  of  Free-stream  Turbulence 

In  heat-transfer  experiments  controlled  free-stream  turbulence  is  often  introduced  by 
using  a  turbulence-generating  grid.  With  proper  design  the  generated  turbulence  is  nearly- 
isotropic  and  homogeneous.  Further  downstream  this  turbulence  interacts  with  the  test- 
surface.  This  controlled  experiment  provides  a  good  benchmark  to  validate  the  simulations. 
However,  it  is  necessary  to  establish  that  the  turbulence  being  fed  into  the  computational 
domain  is  physically  realistic  and  the  inflow-algorithm  does  not  deteriorate  this  property. 
Inflow  turbulence  was  provided  using  a  precomputed  LES  of  isotropic  turbulence  and  small 
amplitude  jitter  was  added  to  ensure  that  inflow  data  was  not  time-periodic.  Significant 
testing  of  the  LES  method  was  also  carried  out  on  the  isotropic  decaying  turbulence.  In 
our  LES  the  subgrid  terms  are  evaluated  using  the  standard  dynamic  procedure  (e.g.  Moin 
et.  al.  1991),  however  since  the  numerical  scheme  used  is  different  detailed  validation  was 
necessary.  Test-filters  for  the  dynamic  procedure  were  based  on  box-filter  using  Simpson’s 
rule.  As  a  first  step  the  LES  results  were  compared  to  low-Reynolds  number  DNS  data  and 
excellent  agreement  was  found.  Further  comparisons  were  then  made  with  higher  Reynolds 
number  experiments  of  Comte-Bellot  and  Corrsin  at  Taylor  microscale  Reynolds  number 
Re \  =  65.  Figure-6  shows  a  comparison  of  the  computed  turbulent  kinetic  energy  with  the 
experimental  data.  Also  shown  is  a  computation  without  using  the  subgrid  model.  The 
present  calculations  were  carried  out  using  a  mean- flow  Mach  number  of  0.1  but  the  actual 
Mach  number  in  the  experiments  is  much  smaller.  Figure-7  shows  a  comparison  of  density 
fluctuations  obtained  in  LES  with  the  DNS  data  of  Spyropoulos  and  Blaisdell  (1996).  Once 
again  a  good  comparison  is  obtained.  Calculations  have  also  been  done  at  higher  Reynolds 
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numbers  and  higher  Mach  number  which  increases  the  importance  of  modeling  the  subgrid 
kinetic  energy  in  calculating  the  pressure.  Previous  work  has  identified  some  numerical 
difficulties  which  were  also  encountered  with  the  current  LES  implementation.  We  plan  to 
use  an  alternate  LES  formulation  (not  density-weighted)  which  has  recently  been  used  by 
Bendiks  and  Lele  (1999)  for  LES  of  compressible  jets  to  overcome  this  difficulty. 

LES  of  Disturbed  Boundary  Layers  under  Free-stream  Turbulence 

The  LES  code  is  currently  being  used  to  simulate  boundary  layer  heat-transfer  under 
free-stream  turbulence  on  idealized  blade  geometry  (Von  Fossen  et.  al.  1995).  Prelim¬ 
inary  results  from  these  will  be  reported  at  the  AFOSR  Contractors  Meeting.  Detailed 
comparisons  with  experiments  and  a  study  of  the  physical  mechanisms  responsible  for  the 
heat-transfer  enhancement  will  be  undertaken  in  the  immediate  future.  The  code  will  also 
be  ported  to  run  on  DOD’s  parallel  machines.  A  significant  part  of  the  data  management 
to  carry  out  this  parallel  implementation  already  exists  in  the  current  code. 
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Fig.l.  Computaional  grid  and  the  non-dimensional  paramenters, 
every  other  grid  line  is  shown  here  for  clarity. 


Fig. 2.  Velocity  and  enthalpy  profiles  at  leading  edge  compared  with 
analytical  self-similiar  solution  (Reshotko  and  Beckwith,  1958) 
Flow  conditions  are  Re  =  100,000,  Ma=0.18,  Tw/TO  =  0.5,  Pr  =0.7. 


Fig. 3  Composite  view  of  flow  field  due  to  organized  disturbances.  Re-10,000 
Ma=0.1  8.  The  amplitude  of  inflow  distrubance  is  1  %  of  the  free  stream  velocity. 

139 


Energy 


Fig. 5  Detailed  disturbance  evolution  close  to  the 
leading  edge  and  inside  the  boundary  layer. 


Fig.4The  evolution  of  velocity  disturbance 
along  the  stagnation  streamline  showing  the 
irrotational  distortion.  The  amplitude  has 
been  normalized  by  the  inlet  disturbance  value. 


Fig. 6  Turbulent  kinetic  energy  of  decaying  Fig. 7  Time  evolution  of  rms  density  fluctuation, 

homogeneous  isotropic  turbulence.  Dynamic  Time  has  been  non-dimensionalized  by  eddy  turn 

modelisusedforLESandthegirdsizeis323.  over  time.  Mt=0.4,  Re^  =  55.  The  filtered  DNS 

The  time  scale  has  been  normalized  using  Comte-  data  is  taken  from  Sypropoulosand  Blaisdell.  1996. 

Bellot  and  Corrsin's  experimental  data. 


140 


NUMERICAL  SIMULATION  OF  TURBULENT  HIGH  SPEED  JETS 

F49620-98-1-0035 

Progress  report  on  work  conducted  under  AASERT  grant 
during  7/1/98  through  6/30/99 


Sanjiva  K.  Lele 

Department  of  Mechanical  Engineering 
and 

Department  of  Aeronautics  and  Astronautics 
Stanford  University,  Stanford,  California  94305-4035 


Abstract 

High  speed  turbulent  jets  occur  in  many  technological  applications,  including  propul¬ 
sion  systems  for  civilian  and  military  airplanes.  The  unsteady  effects  in  these  flows 
can  influence  such  diverse  features  as  thrust  efficiency,  infrared  signature,  and  com¬ 
munity  noise.  The  aim  of  the  present  research  is  to  develop  quantitative  predictions 
of  high  speed  jet  noise  and  methods  for  its  suppression.  Supersonic  jet  screech,  a  type 
of  jet  noise,  has  been  chosen  as  the  focus  of  this  research  because  of  its  high  emission 
levels  and  narrow  frequency  band.  Jet  screech  is  also  a  primary  source  of  acoustic 
fatigue  in  aft  structures  of  fighter  aircraft.  To  gain  a  better  understanding  of  screech, 
two  model  problems  are  being  examined  through  direct  numerical  simulation  and 
theoretical  analysis:  1)  the  interaction  of  shear  layer  vortices  with  an  oblique  shock 
(screech  noise  source);  and  2)  the  acoustic  receptivity  of  shear  layer  instability  waves 
to  incident  acoustic  disturbances  at  a  trailing  edge  (screech  feedback  mechanism). 

Progress 

Supersonic  jet  screech  has  been  known  to  be  governed  fundamentally  by  a  feedback 
cycle  since  the  pioneering  work  of  Powell  [1].  The  elements  of  this  feedback  cycle 
include:  1)  the  amplification  of  instability  waves  in  the  jet,  2)  the  interaction  of  vor¬ 
tical  disturbances  with  the  shock-cell  structure  in  the  jet,  3)  the  back  propagation  of 
the  acoustic  disturbance  to  the  nozzle  lip,  and  4)  the  conversion  of  acoustic  distur¬ 
bances  into  instability  waves  at  the  nozzle  lip,  viz.  receptivity  which  ultimately  closes 
the  feedback  loop.  In  the  screech  cycle,  noise  is  generated  in  the  second  element. 
To  understand  how  the  amplitude  of  the  shear  layer  disturbance  and  shock-strength 
influence  the  amplitude  of  the  sound  field,  a  detailed  study  of  this  screech-tone  gen¬ 
eration  is  being  undertaken  through  the  use  of  a  simplified  model.  This  model,  as 
depicted  in  Figure  1,  involves  the  two-dimensional  interaction  of  shear-layer  vortices 
with  an  isolated  region  of  the  jet  shock-cell  structure. 

The  simplified  model  is  studied  with  three  progressively  idealized  approaches.  The 
first  is  direct  numerical  simulation  (DNS)  by  solution  of  the  Navier  Stokes  equations. 
The  second  approach  is  solution  of  the  Euler  equations  linearized  about  an  unsteady 
base  flow.  The  third  is  geometric  acoustics  with  an  unsteady  base  flow. 
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Figure  1:  Schematic  of  the  shock- vortex  interaction  computation. 

The  results  of  the  DNS  cases  have  been  reported  in  previous  publications  [2], 
[3].  They  indicate  that  when  the  shear  layer  instability  waves  are  large,  the  sound 
generation  results  from  large  fluctuations  in  the  position  of  the  incident  shock,  with 
the  compression  front  of  the  acoustic  wave  emerging  between  the  instability  wave 
vortices.  Similar  behavior  was  reproduced  for  low  amplitude,  oblique  incident  waves. 
This  suggests  that  the  sound  generation  process  can  be  regarded  as  the  scattering 
of  an  incident  oblique  stationary  wave  disturbance  by  the  unsteady  motion  of  the 
mixing  layer.  The  sound  field  was  found  to  scale  with  the  strength  of  the  incident 
shock. 

The  linearized  Euler  equation  approach  to  studying  the  model  problem  was  de¬ 
vised  to  take  advantage  of  the  scattering  property  of  the  sound  source.  In  this  ap¬ 
proach,  the  problem  is  decomposed  into  a  base  flow  and  a  perturbation  field.  The 
unsteady  shear  layer  makes  up  the  base  flow  and  is  therefore  prescribed,  usually  with 
a  previously  obtained  DNS  solution.  The  “shock”  is  imposed  as  an  incident  distur¬ 
bance;  it  and  the  resultant  scattered  sound  make  up  the  perturbed,  or  solution,  field. 
The  numerical  solution  method  for  these  equations  are  essentially  identical  to  the 
techniques  used  for  the  direct  numerical  simulations,  including  boundary  conditions. 
The  elimination  of  viscous  terms  and  the  reduction  of  boundary  zones  result  in  a  sig¬ 
nificant  computational  savings  over  the  the  direct  numerical  simulations.  With  the 
shear  layer  prescribed  and  already  at  periodic  steady-state,  solutions  are  obtained  in 
fewer  flow-through  periods,  and  the  acoustic  field  is  obtained  directly,-  without  the 
postprocessing  required  in  the  DNS. 

The  linearized  Euler  simulations  yield  the  same  acoustic  source  mechanism  as 
observed  in  the  DNS.  The  visualizations  in  Figures  2a  and  2b  show  the  interaction 
for  the  DNS  case  and  the  linearized  Euler  case,  respectively.  The  base  flow  of  the 
linearized  Euler  case  is  obtained  by  DNS  under  the  same  forcing  conditions.  The 
acoustic  amplitudes  are  found  to  match.  Further  idealizations  of  the  interaction 
process  consist  of  replacing  the  incident  compression  wave,  which  closely  resembles 
a  portion  of  the  jet  shock  cell  structure,  with  an  “N-wave”.  This  N-wave  imparts 
no  net  deflection  on  the  shear  layer  because  it  consists  of  both  positive  and  negative 
pressure  disturbances.  With  the  same  unsteady  base  flow,  the  same  source  mechanism 
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Figure  2:  Visualizations  of  screech  sound  generation  through  interaction  of  oblique 
shock  and  unsteady  shear  layer,  a)  DNS  with  incident  compression  wave  b)  linearized 
Euler  with  DNS  base  flow  and  incident  compression  wave;  c)  linearized  Euler  with 
’N-wave’;  d)  linearized  Euler  with  Stuart  vortex  field  for  base  flow;  e)  wave  fronts  as 
computed  with  geometrical  acoustics  and  Stuart  vortex  field. 
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is  captured,  indicating  that  the  basic  mechanism  is  insensitive  to  the  form  of  the 
incident  wave  (Figure  2c).  The  N-wave  profile  is  radiated  to  the  far  field. 

The  next  idealization  is  to  replace  the  base  flow  with  an  analytic  description  of  a 
mixing  layer.  We  use  the  velocity  field  of  the  Stuart  vortex  mixing  layer,  a  solution 
to  the  incompressible,  inviscid  equations.  By  including  only  velocity  and  ignoring 
thermodynamic  variations,  we  show  that  the  sound  generation  mechanism  can  be 
explained  fundamentally  in  terms  of  the  velocity  field  (Figure  2d).  The  strength 
of  the  acoustic  field  when  interacting  with  an  incident  oblique  disturbance  with  a 
Gaussian  pressure  distribution  is  shown  to  increase  linearly  with  vortex  amplitude 
A  at  low  A ,  increase  exponentially  with  A  for  moderate  A,  and  saturate  for  high  A 
(Figures  3  and  4).  Similar  trends  are  noted  for  the  DNS  base  flow,  although  less 
convincingly. 

The  visualizations  of  the  interaction  and  sound  generation  suggest  that  the  mech¬ 
anism  involves  refraction  of  the  shock  through  an  unsteady  shear  layer.  In  geometrical 
acoustics,  the  incident  shock  is  modeled  as  a  thin  plane  wave,  oriented  at  the  Mach 
angle  in  the  supersonic  stream  so  that  it  remains  stationary  in  the  steady  case.  Wave 
fronts  based  on  acoustic  “rays” ,  obtained  by  integrating  the  characteristics  from  the 
Eikonal  equation,  are  shown  for  a  Stuart  vortex  base  flow  in  Figure  2e.  These  and 
additional  results  indicate  that  the  unsteadiness  associated  with  the  convection  of 
the  vortices  is  critical  for  obtaining  the  conditions  by  which  the  incident  waves  will 
refract  across  the  shear  layer. 

Conclusions  and  Future  Work 

The  investigation  of  the  interaction  of  a  shear  layer  instability  wave  and  an  oblique 
shock  has  yielded  a  better  understanding  of  the  mechanism  governing  screech  genera¬ 
tion  using  a  variety  of  methods.  The  source  mechanism  for  high  amplitude  instability 
waves  is  best  characterized  as  the  unsteady  refraction  of  the  incident  shock  such  that 
it  escapes  the  jet.  The  refraction  process  manifests  itself  in  terms  of  a  shock  which 
undergoes  large  fluctuations  in  position  and  strength  as  instability  waves  pass  over, 
with  the  release  of  the  acoustic  pulse  occurring  between  the  vortices.  This  basic 
behavior  was  reproduced  in  Navier-Stokes  simulations,  Euler  simulations  linearized 
about  a  DNS  shear  layer,  Euler  simulations  linearized  about  an  idealized  shear  layer, 
and  in  geometrical  acoustics.  Finally  we  show  that  the  variation  of  acoustic  ampli¬ 
tude  with  instability  wave  amplitude  (in  the  idealized  shear  layer  case)  is  made  up 
of  three  distinct  regions  (in  order  of  increasing  instability  wave  amplitude):  linear, 
exponential,  and  saturated.  These  results  can  be  incorporated  into  new  empirical 
models  of  screech  sources. 

We  have  now  started  numerical  simulations  of  the  receptivity  element  of  the 
screech  cycle.  The  appropriate  model  problem  is  that  of  acoustic  disturbances  in¬ 
cident  on  a  two-dimensional  shear  layer  shed  from  a  thin  rigid  surface,  or  “nozzle 
lip.”  There  are  two  competing  theoretical  treatments  of  the  shear  layer  receptiv¬ 
ity  problem:  the  continuous  excitation  theory  [4]  and  the  trailing  edge  theory,  see 
e.g.  [5].  The  trailing  edge  theory  is  based  on  a  vortex  sheet  model  of  the  shear  layer. 
The  singularity  at  the  lip  edge  is  eliminated  by  imposing  a  Kutta  condition.  In  this 
way  vorticity  is  shed  from  the  nozzle  lip  and  all  the  coupling  between  the  incident 
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Figure  3:  Pressure  amplitude  of  acoustic  field  as  normalized  to  amplitude  of  incident 
standing  wave  with  Gaussian  pressure  distribution,  as  function  of  Stuart  vortex  field 
amplitude  A.  Exponential  region  is  observed  at  moderated  A,  and  saturation  at 
higher  A. 
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Figure  4:  Pressure  amplitude  of  acoustic  field  as  normalized  to  amplitude  of  incident 
standing  wave  with  Gaussian  pressure  distribution,  as  function  of  Stuart  vortex  field 
amplitude  A.  Linear  region  is  observed  at  low  A . 


145 


acoustic  waves  and  the  excited  instability  waves  occurs  right  at  the  lip  trailing  edge. 
By  contrast,  the  continous  excitation  theory  predicts  coupling  to  occur  continuously 
over  several  instability  wavelengths  downstream  of  the  lip  trailing  edge.  Our  initial 
investigations  into  the  receptivity  problem  will  involve  direct  numerical  simulations 
using  methods  of  the  type  used  for  studying  the  screech  generation  problem.  Data 
from  these  simulations  will  reveal  the  flow  region  where  receptivity  occurs  and  will 
identify  the  basic  mechanisms  responsible  for  the  type  of  receptivity  found  in  screech. 
The  influence  of  a  jet  co-flow  on  receptivity  will  also  be  examined. 
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Abstract 

The  general  aim  of  this  project  is  to  get  an  improved  understanding  of  the  interaction  between 
wall-generated  turbulence  and  compliant  surface  coatings  using  analysis  and  direct  numerical 
simulation  in  an  integrated  approach,  with  a  view  towards  the  reduction  of  turbulent  sound 
production  and  turbulent  drag. 

As  a  reference  for  more  refined  models  that  we  are  working  on  now,  we  have  developed 
a  first  simplified  representation  of  the  wall  as  a  three-degree-of-freedom  mass-spring  system. 
Results  from  a  study  of  the  properties  of  that  model  are  encouraging,  and  are  presented 
below.  A  refined  version  of  this  model,  that  removes  most  of  the  limitations  of  the  previous 
one,  is  currently  under  investigation.  In  parallel,  we  are  also  working  on  a  computer  code 
for  the  direct  numerical  simulation  of  the  turbulence/compliant-wall  interaction.  That  code 
will  probably  be  functional  this  fall. 

Due  to  space  constraints,  here  we  can  only  very  briefly  sketch  the  structure  of  our  models, 
and  highlight  our  most  important  results. 

We  have  performed  an  analysis  of  the  boundary  conditions  (for  the  case  of  small  defor¬ 
mations  of  the  wall  as  in  the  study  of  Choi  et  al.  [2])  that  suggests  that  for  the  purposes 
of  our  low-dimensional  model,  neglect  of  the  nonlinear  boundary  terms  is  usually  quite 
justifiable — the  only  relatively  large  nonlinear  term  appears  in  a  term  for  the  streamwise 
velocity  component,  which  makes  no  contribution  within  the  approximations  of  our  model. 
Under  these  assumptions,  the  boundary  conditions  become: 

+  U12&  =  £1 

u2  =  £2  (1) 

«3  =  & 

Note  that  if  the  velocity  field  is  expressed  as  a  linear  combination  of  eigenfunctions  Uj  = 
k  exp{ikz),  the  boundary  conditions  above  can  be  interpreted  as  a  restriction  on 

the  combinations  of  a^\  £  and  £  which  are  realizable. 

In  order  to  implement  these  boundary  conditions  in  our  model,  we  introduce  a  Fourier 
transform, 

UiO M)  =  £  ui(k1,y,h,t)e^k'‘+,t^,  (2) 

ki,k3 

where  we  can  also  write  u  using  our  POD  modes  fa, 

«,=£<•„#.  (3) 

n 
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(4) 


Neglecting  the  nonlinear  terms  in  the  wall-normal  boundary  condition,  we  obtain 

X  an&  =  4  =►  al<f>2w  ~  ^2) 

n 

where  it  is  assumed  that  the  first  eigenfunction  is  sufficient  to  represent  the  fluctuating 
velocity  field1. 

The  dynamical  equations  for  the  POD  amplitudes  (derived  from  the  Navier-Stokes  equa¬ 
tion  via  Galerkin  projection  onto  the  set  of  POD  modes)  become 


dm  H - 


1  -  £2  I 

=  -Pw - b 

P  ai 


(5) 


with  the  dots  indicating  the  terms  that  are  present  in  a  model  for  a  fixed  wall,  as  in  [1] 
(see  eq.  (14)).  The  pressure  at  the  wall  that  is  needed  above  can  be  obtained  by  using  the 
instantaneous  Navier  Stokes  equation, 


,(1) 

Pw  _  03,22 w  x  , 

—  ?  am 

p  ikz 


ifa 


(6) 


It  may  be  a  bit  surprising  at  first  to  find  that  the  lateral  response  of  the  surface  appar¬ 
ently  does  not  contribute.  The  reason  for  this  is  that— through  our  choice  of  considering 
only  one  POD  mode — the  boundary  conditions  at  the  wall  are  satisfied  only  in  an  approx¬ 
imate  fashion.  This  is  also  the  reason  that  it  is  only  the  wall  normal  motion  that  affects 
the  equations:  Once  one  has  (implicitly)  decided  to  approximate  the  effect  of  the  wall  mo¬ 
tion  on  the  boundary  condition,  and  only  include  an  effect  through  the  pressure  term,  the 
influence  of  tangential  motions  is  gone  (since  in  the  pressure  integral  for  a  domain  with  a 
horizontal  boundary  only,  it  is  only  the  wall  normal  velocity  at  the  boundaries  that  gives 
a  contribution).  Note  that  this  approximation  is  quite  consistent  with  the  overall  accuracy 
of  this  type  of  model.  These  limitations  will  be  removed  in  the  refined  model  described  below. 


Simplified  Low-dimensional  Model  of  Flow  Over  a  Compliant  Wall 

We  have  investigated  a  model  for  a  turbulent  boundary  layer  interacting  with  a  deformable 
wall,  using  the  approximations  described  above.  The  flow  is  modeled  via  a  pair  of  complex¬ 
valued  ODEs  with  0(2)  symmetry,  and  the  dynamics  of  the  wall  is  described  using  a  simple 
damped  mass-spring  system.  The  complete  set  of  dynamical  equations  consists  of  the  equa¬ 
tions  for  the  flow, 

d&\ 
dt 
dci2 
dt 

1Note  that  the  “«”-sign  in  that  equation  has  to  be  taken  seriously:  At  this  level  of  truncation,  it  would 
in  fact  be  inconsistent  to  require  the  boundary  condition  to  be  met  exactly  using  just  one  POD  mode. 


+  C21O1O2  +  Oi(en|&i|2  +  612 1®2 12)  4  7k  di» 


ik?, 


P2&2  +  Cll^l  +  a2(e2l|al|2  +  ^22  |a2 12)  j 


(7) 

(8) 
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and  a  second-order  equation  for  the  wall  motion, 


m£2  +  c^2  +  k^2  =  «i 


*^3,22^ 

ih* 


(9) 


,(i) 

where  ai  =  0.2996a^  defines  the  pressure  at  the  wall  in  Fourier  space. 

Figure  1  shows  a  comparison  of  the  behavior  of  this  model  for  the  cases  of  a  compliant 
and  a  fixed  wall,  respectively  (in  the  case  of  the  compliant  wall,  the  last  term  in  (7)  is 
omitted,  together  with  (9).  One  can  see  that  for  the  small  value  of  c  (wall  damping)  that 


Heieroclinic  Connection 


(a)  Fixed  wall. 


Wall  Normal-Real  Subspace 


10-5,  k  =  l. 


Figure  1:  Phase  portraits  of  low-dimensional  models. 

was  chosen  in  the  figure,  the  lower  fixed  point  is  no  longer  attracting  in  all  directions  (it  is 
a  saddle  point).  Solutions  which  are  initially  attracted  to  this  point  oscillate  around  it  for 
an  extended  amount  of  time  before  diverging  to  infinity.  This  has  the  effect  of  reducing  the 
bursting  frequency  and  thus  corresponds  to  a  reduction  of  turbulent  drag. 


Five  mode  model  with  wall-normal  compliance 

To  remove  the  limitations  of  the  model  described  above,  we  have  derived  a  refined  model, 
that  can  take  into  account  wall  motions  in  all  three  coordinates,  and  that  fully  satisfies 
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the  interface  conditions  between  the  moving  wall  and  the  flow.  To  do  this,  we  model  the 
compliant  surface  as  a  simple  mass-spring-damper  system  driven  by  the  fluid  stress  at  the 
wall.  In  the  streamwise  and  spanwise  directions,  the  deformations  of  the  wall  are  driven 
by  the  shear  stress  which  is  easily  accessible  in  the  models  as  a  linear  term  in  the  model 
coefficients  when  the  deformations  are  decomposed  into  Fourier  space: 


mJu + d. 4  +  Kwhk  =  f,»  u„  =  y  (io) 

n 

Mwhk + a»4  +  k, 4  =  f3i  u„  =  y  4”>4%  (n) 


(We  employ  capital  letters  to  describe  the  properties  of  the  compliant  surface  for  clarity.)  The 
wall-normal  deformations  of  the  compliant  surface  are  driven  by  the  pressure  fluctuations  at 
the  boundary. 


Mw^2k  +  Dw^2k  T  Kw^2k  —  Pk\wall 


(12) 


The  pressure  at  the  wall  in  the  models  may  be  determined  as  in  (6). 


(- Pk,i,4>i, f)  =  (Pk4>2k*)  | wall  +  [  Pk(t>i?ikdy  =  (pk<t>2k*)  \wall  (13) 

J  0 

The  eigenfunctions  are  defined  to  be  divergence  free  and  are  non-zero  only  close  to  the  wall, 
leaving  us  with  a  pressure  term  only  at  the  wall.  As  a  result,  the  model  equations  now  have 
an  additional  term: 


(n)meanvel 

kp 


V 


+  (1  +  6.28a)  b{$visc) 

Jp)  ,  V  r(n) 

ak  ^  2-j  C(k’yk- 

-k’)pqak'  ak-k' 

k’,p,q 

+  E  d^k'Pqak)Re 

(W)  +  \  ( 

[A ^Pk)  \wall 

(14) 

r,kftp,q 

p 

Our  previous  models  have  focused  exclusively  on  the  rigid-wall  case  with  =  0,  so  that  the 
pressure  term  disappears.  (If  the  eigenfunctions  are  defined  only  in  a  region  close  to  the  wall, 
an  additional  term  appears  which  was  incorporated  into  our  previous  models  as  a  forcing 
term.  The  magnitude  of  this  term  is  small  relative  to  the  others  and  will  be  neglected  here.) 
However,  to  incorporate  the  compliance  of  the  wall  and  satisfy  the  boundary  conditions 
in  (1),  we  must  include  eigenfunctions  in  our  model  which  are  non-zero  at  the  wall. 

We  choose  to  base  our  low-dimensional  model  for  the  turbulent  boundary  layer  over  a 
compliant  surface  on  the  eigenfunctions  of  the  rigid-walled  boundary  layer.  We  will  intro¬ 
duce  additional  eigenfunctions  to  account  for  the  motion  of  the  compliant  surface  and  allow 
the  boundary  conditions  to  be  satisfied.  In  the  absence  of  surface  compliance,  our  models 
will  revert  to  the  rigid-walled  case.  Since  we  do  not  have  an  experimental  or  computational 
database  on  the  turbulent  flow  over  a  compliant  surface  available,  we  must  derive  our  ad¬ 
ditional  eigenfunctions  in  an  ad  hoc  fashion.  We  choose  our  additional  eigenfunctions  as 
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(15) 


solutions  of  the  Stokes  equation  with  periodic  motion  of  the  wall: 

^  -  i/AJ  u  =  0,  uk(y  =  0,  t)  =  cos  (fit) 

where  j3  corresponds  to  the  natural  frequency  of  the  compliant  surface.  The  Stokes  equa¬ 
tion  for  the  streamfunction  'ip  is  employed  to  determine  the  additional  eigenfunction  for  the 
wall-normal  motion  of  the  compliant  surface.  In  this  manner,  we  generate  three  additional 
eigenfunctions  —  one  for  each  direction  of  surface  motion  and  then  orthogonalize  them 
with  respect  to  each  other  and  the  rigid-walled  eigenfunctions  and  normalize  them. 

We  now  have  a  set  of  evolution  equations  for  the  coefficients  of  the  eigenfunctions  as  well 
as  evolution  equations  for  the  motion  of  the  wall  and  the  simplified  boundary  conditions. 
We  choose  to  determine  the  coefficients  for  the  additional  eigenfunctions  from  the  boundary 
conditions  at  the  wall.  If  only  one  or  at  most  two  eigenfunctions  has  a  particular  component 
which  is  non-zero  at  the  wall,  these  coefficients  may  be  found  easily.  The  pressure  may  then 

be  determined  from  the  evolution  equation  for  the  additional  eigenfunction  representing  the 

(2) 

wall-normal  motion  of  the  wall  (jrk  : 
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The  cubic  terms  disappear  because  this  additional  eigenfunction  is  defined  to  have  no  stream- 
wise  component,  and  there  is  no  streamwise  variation  in  our  model.  When  this  expression  is 
substituted  into  the  equation  for  the  wall-normal  motion  of  the  wall  (12),  the  time  derivative 
term  merges  into  the  £2fc  term  resulting  in  a  new  effective  mass  of  the  wall  Mw.  (In  fact, 
£2jfc  =  since  is  the  only  eigenfunction  with  a  non-zero  vertical  velocity  at  the 

wall.)  Normalizing  with  this  new  mass  results  in: 


£,2k  "b  Dw^2k  "b  Kw^2 


V^l(2)  (p)  ,  „(2)  (p)_(9) 

2-jbkpak  +  2-j  C(k',k-k')pq ak'  ak-k' 


k',p,q 


(17) 


Having  determined  the  coefficient  and  pressure  in  this  way,  we  have  a  complete  low-dimensional 
model  for  the  flow  over  a  compliant  surface. 


a 


(i) 


E  ‘SMr*  +  E  +  E  (W’ )  (18) 

P  k',p,q  r,k',p,q 
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We  are  in  the  process  of  using  this  low-dimensional  model  to  evaluate  the  potential  of 
compliant  surfaces  for  modification  of  the  dynamics  of  near-wall  turbulence  and  its  resulting 
effect  on  the  drag  at  the  wall.  In  addition  to  our  work  with  the  models,  we  have  begun  the  de¬ 
velopment  of  a  direct  simulation  code  for  simulating  turbulent  channel  flow  with  a  compliant 
boundary.  Because  of  the  complication  introduced  by  the  linearized  boundary  conditions,  we 
have  chosen  to  implement  the  compliant  boundary  using  the  immersed  boundary  technique 
which  was  developed  by  a  previous  member  of  our  group  [4] . 
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Summary 

A  Particle  Image  Velocimetry  system  has  been  proposed  to  measure  velocity  fields  of 
high-speed  air  flows  in  300  pm  thick  2-D  silicon-micromachined  nozzles.  While  the 
technique  has  been  demonstrated  successfully  by  measuring  liquid  flows,  the 
measurement  of  high-speed  air  flows  through  micronozzles  remains  difficult,  because  (1) 
spatial  resolutions  on  the  order  on  a  few  microns  are  required  to  resolve  the  flow  field,  (2) 
large  characteristic  velocities  combined  with  high  spatial  resolution  requirements  dictate 
temporal  resolutions  on  the  order  of  tens  of  nanoseconds,  and  (3)  supersonic  flows  in  the 
micronozzles  may  undergo  characteristic  accelerations  on  the  order  of  100  million  times 
that  of  gravity.  The  micro  PIV  system  developed  during  the  past  year  under  this  grant  has 
the  potential  to  overcome  these  difficulties.  The  technique  utilizes  reflective  Differential 
Interference  Contrast  (DIC)  microscopic  imaging  to  record  images  of  50  -  100  nm  dia. 
silicate  particles.  Micro  PIV  measurements  of  low-speed  water  flow  in  the  micronozzles 
are  shown  with  a  spatial  resolution  of  10.9  x  3.4  pm  in  the  streamwise  and  cross-flow 
directions,  respectively.  The  results  show  flow  separation  in  a  straight  angle  diffuser  at 
Reynolds  number,  Re  =  10,  based  on  bulk  velocity  and  throat  width. 

Particle  Image  Velocimetry  System 
Flow-Tracing  Particles 

The  desire  to  measure  high-speed  velocity  fields  accurately  inside  micronozzles  with 
order  one-micron  spatial  resolution  places  significant  constraints  on  the  choice  of  flow¬ 
tracing  particles.  The  particles  must  be  significantly  smaller  than  the  length  scale  of  the 
microdevice,  and  must  be  small  enough  to  faithfully  follow  the  flow  under  extremely 
large  accelerations. 

If  a  supersonic  flow  through  a  micronozzle  accelerates  from  Mach  1  at  the  throat  to  Mach 
2  one  hundred  microns  downstream,  and  assuming  uniform  acceleration,  the  flow  will 
accelerate  at  an  average  rate  of  approximately  9.0  E  +08  m  s  2,  or  approximately  100 
million  times  the  acceleration' of  gravity.  Assuming  Stokes’  drag,  the  difference  between 
the  particle  velocity  and  the  fluid  velocity  can  be  estimated  by 


where  v  is  the  particle  velocity,  u  is  the  velocity  of  the  fluid,  v  represents  the  total  time 
derivative  of  the  particle  velocity,  and  the  subscript  p  represents  the  properties  of  the 
particle  (Adrian,  1991).  Using  silica  (Si02),  which  has  a  density  of  2  g  cm'3,  a  100  nm  dia. 
particle  will  slip  ~  27  m  s'1,  while  a  50  nm  dia.  particle  will  slip  -7ms'1.  This  represents 
about  4  -  8%  FS  error  for  the  100  nm  and  1  -  2%  FS  error  for  50  nm  dia.  particles.  Under 
these  conditions,  a  100  nm  dia.  particle  represents  an  upper  bound  on  the  size  of  particle 
that  should  be  used  for  PIV  measurements  of  high-speed  flow  in  micronozzles. 

Flow-tracing  particles  must  also  be  large  enough  to  scatter  sufficient  light  so  that  their 
images  can  be  recorded.  In  the  Rayleigh  scattering  regime,  where  the  particle  diameter  is 
much  smaller  than  the  wavelength  of  light,  dp  «  X,  the  amount  of  light  scattered  by  a 

particle  varies  as  d~6  (Bom  &  Wolf,  1997). 

Spatial  and  Temporal  Resolution 

For  the  purposes  of  this  discussion,  we  will  define  temporal  resolution  as  the  duration  of 
averaging  time  required  to  obtain  a  measurement.  In  the  case  of  double  pulse  PIV,  the 
temporal  resolution  is  simply  the  time  delay  between  pulses.  At.  The  ability  to  make 
accurate  measurements  while  averaging  over  a  short  interval  in  time  is  important  in 
variety  of  experiments.  It  is  particularly  important  for  measuring  high-speed  flows  in 
micronozzle  experiments.  In  this  situation,  the  desire  to  make  PIV  measurements  on  the 
micron  scale  coupled  with  the  large  velocity  associated  with  supersonic  flows  requires 
nanosecond  temporal  resolution. 

Consider  a  flow  near  Mach  1  at  standard  temperature,  with  a  characteristic  velocity, 
ut .=340  ms'1.  If  the  desired  particle  displacement  is,  say,  Ax^lO/mi,  then  the  time 
delay  between  pulses  should  be,  At «  30  ns.  A  standard  Nd:YAG  laser  can  be  used  to 
generate  a  short  pulse  of  green  light  (A.  =  532  nm),  which  is  approximately  Gaussian  in 
time  with  a  time  duration,  St  ~  5  ns.  During  a  5  ns  period,  a  particle  with  a  characteristic 
velocity  of  uc  =  340  m  s'1  travels  approximately  1 .7  |im.  If  a  particle  moves  a  significant 
fraction  of  its  effective  image  size  during  exposure,  the  particle  image  will  be  blurred.  In 
nearly  all  PIV  experiments  reported  to  date,  the  relatively  short  light  pulse  (St  ~  5  ns) 
from  an  Nd.  YAG  laser  is  more  than  sufficient  to  freeze  particle  motion.  It  is  only  in  the 
special  case  of  high-speed  microscale  flow  that  the  pulse  duration  of  an  Nd:YAG  laser 
becomes  limiting. 

Differential  Interference  Contrast  (DIC)  Imaging 

Particles  with  diameters  of  50  -  100  nm  are  required  for  accurate  PIV  measurements  of 
high-speed  flow  in  micronozzles.  Particles  of  this  size  can  potentially  be  imaged  using 
differential  interference  contract  (DIC).  The  reflective  DIC  system  shown  in  Figure  1 
consists  of  a  linear  polarizer,  a  mirror,  an  adjustable  Wollaston  prism,  and  a  DIC 
analyzer.  The  illumination  light  enters  the  system  through  the  linear  polarizer  and  is 
reflected  by  the  mirror  towards  the  Wollaston  prism.  The  Wollaston  prism  consists  of  a 
birefringent  material  oriented  at  45°  to  the  incoming  polarized  light.  The  birefringence 
causes  the  incoming  light  to  be  sheared.  The  degree  of  beam  shear  is  adjusted  by  sliding 
one  element  of  the  prism  relative  to  the  second  element.  It  is  common  to  adjust  the  shear 
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so  that  it  is  less  than  the  diffraction  limit  of  the  microscope  so  that  a  double  image  is  not 
observed.  The  sheared  beam  illuminates  the  back  of  the  objective  lens,  where  it  is 
refracted  into  the  microfluidic  device.  Light  is  spectrally  reflected  from  the  surfaces  of  the 
microfluidic  device,  and  scattered  from  the  flow-tracing  particles.  The  reflected  light 
from  the  particles  and  the  test  section  is  collected  by  the  objective  lens  and  relayed 
through  the  Wollaston  prism  where  the  beam  shear  is  reversed.  Because  optical  systems 
are  acausal,  light  waves  that  were  relatively  undisturbed  in  the  test  section  will  recover 
their  original  polarization,  after  reversing  back  through  the  Wollaston  prism.  Light  waves 
that  have  been  phase  shifted  or  changed  in  amplitude  by  objects  that  are  of  the  same  order 
in  size  as  the  beam  shear  will  recover  a  different  polarization,  after  reversing  back 
through  the  Wollaston  prism.  The  light  is  then  relayed  through  the  mirror  onto  a  DIC 
analyzer.  In  the  current  configuration,  the  DIC  analyzer  is  simply  a  linear  polarizer 
oriented  90°  to  the  incoming  light.  This  filters  out  light  that  is  relatively  undisturbed  in 
the  test  section  over  length  scales  on  the  order  of  the  beam  shear.  In  practice,  the  beam 
shear  is  adjusted  to  obtain  maximum  contrast  for  a  particular  type  of  object  (Inoue  & 
Spring,  1997). 


Cooled  CCD  Camera 
1300  x  1030  x  12  bit 


Figure  1.  Schematic  of  a  micron-resolution  PIV  system.  The  system  incorporates  a  reflective 
DIC  technique  to  record  images  of  50  -  100  nm  dia.  particles.  An  optical  delay  path  can  be 
added  to  the  system  to  produce  two  pulses  of  laser  light  separated  by  tens  of  nanoseconds. 


The  ability  of  the  DIC  system  to  image  50  nm  dia.  silicate  particles  using  elastic 
scattering  is  demonstrated  in  Figure  2.  A  3-D  shadowing  feature  of  the  particle  images  is 
characteristic  of  DIC,  and  can  be  observed  in  Figure  2.  Figure  2a  shows  images  of  50  nm 
silicate  particles  using  a  NA  =1.4  oil  immersion  lOOx  objective  lens,  while  Figure  2b 
shows  images  of  50  nm  silicate  particles  using  a  NA  =  0.6  air  immersion  40x  objective 
lens.  The  particles  were  not  observable  without  the  aid  of  DIC. 
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Figure  2.  Differential  Interference  Contrast  (DIC)  images  of  50  nm  dia.  silicate  particles:  (a) 
recorded  using  a  NA  =  1.4  oil  immersion  lOOx  objective  lens,  (b)  recorded  using  a  NA  =  0.6 
air  immersion  40x  objective  lens 


Velocity  Measurements  in  a  Micronozzle 

Measurements  of  flow  through  a  micronozzle  were  conducted  using  water  as  the  fluid 
medium  to  determine  the  conditions  in  which  PIV  measurements  could  be  obtained  in  the 
relatively  deep  micronozzles.  The  liquid  flow  was  seeded  with  relatively  large  700  nm 
dia.  fluorescently-labeled  polystyrene  particles.  The  particles  were  imaged  using  a  NA  = 
0.6,  40x  objective  lens,  and  an  epi-fluorescent  imaging  system  similar  to  that  described  by 
Meinhart  et  al.  (1999).  A  flow  rate  of  4  ml  hr"1  was  delivered  to  the  nozzle  by  the  syringe 
pump. 

Figure  3  is  an  example  of  an  instantaneous  velocity  field  measured  in  the  throat  and 
expansion  section  of  a  straight  diffuser  with  a  24°  half  angle.  The  velocity  fields  were 
calculated  using  a  standard  cross  correlation  algorithm.  Both  interrogation  windows  were 
64  x  20  pixels  in  the  x  and  y  directions,  respectively.  When  projecting  into  the  fluid,  the 
correlation  windows  were  10.9  x  3.4  (im  in  the  x  and  y  directions,  respectively.  The 
correlation  windows  were  offset  to  the  local  particle-image  displacement  at  each 
measurement  point.  The  interrogation  spots  were  overlapped  by  50%,  yielding  a  velocity- 
vector  spacing  of  5.44  |im  in  the  stream  wise  direction  and  1.7  |im  in  the  spanwise 
direction. 
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Re  =  10,  3.4  Y  Resolution  96mm/sec-> 


20  40  60  80  100  120  140  160 

XPos,  microns 

Figure  3.  PIV  vector  field  of  water  flow  through  a  silicon  micromachined  nozzle.  The  nozzle 
throat  is  70  pm  wide  throat  and  leads  into  a  constant-angle  expansion  section.  The  spatial 
resolution  of  the  PIV  measurements  are  10.9  x  3.4  pm  in  the  streamwise  and  cross-flow 
directions,  respectively. 

Conclusions 

Particle  Image  Velocimetry  has  been  used  to  make  velocity  measurements  of  liquid  flow 
in  silicon  micromachine  nozzles  with  throat  diameters  of  70  pm.  The  velocity 
measurements  have  a  spatial  resolution  of  10.9  x  3.4  pm  in  the  streamwise  and  cross-flow 
directions,  respectively.  These  results  indicate  that  flow  separation  occurs  in  a  24°  (half¬ 
angle)  diffuser,  with  a  Reynolds  number  based  on  bulk  velocity  and  throat  diameter  of  Re 
=  10. 

Although  we  have  demonstrated  that  micron-resolution  velocity  measurements  can  been 
obtained  for  liquid  flows  in  micronozzles,  significant  challenges  must  be  overcome  for 
successful  measurements  of  high-speed  gas  flows  at  the  microscale.  These  challenges  are 
discussed  in  detail,  and  solutions  are  proposed.  One  solution  is  to  record  50  -  100  nm  dia. 
silicate  particles  using  Differential  Interference  Contrast  (DIC)  imaging.  The  DIC 
technique  is  demonstrated  by  imaging  50  nm  dia.  silicate  particles  with  a  NA  =1.4  oil 
immersion  lOOx  lens  and  NA  =  0.6  air  immersion  40x  lens. 
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3-D  CFD  Simulation  Features 

♦  600K  Grid  Cells 
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Figure  1:  Simulation  of  Pulsed 
Injection  in  a  Cross  flow  Using  CFD ' 


Overview 

Fluidic  injection  is  of  interest  to  provide  internal  flowpath  shape  variation  for  jet  control 
in  structurally-fixed  nozzles,  and  holds  the  promise  of  reducing  the  weight  and 
complexity  of  future  exhaust  systems  by  eliminating  mechanical  flowpath  actuation0, 2,3). 
On-going  work  with  steady  injection  has  shown  that,  by  introducing  a  transverse- 
mounted  wall  injector  into  the  exhaust  stream  near  the  throat  or  the  exit,  the  injector 
plume  can  produce  a  stable  fluidic  obstruction(2,3).  By  metering  injector  flow  rate,  the  size 
of  this  obstruction,  and  hence,  the  internal  flowpath  shape  can  be  actively  modified  to 
control  both  jet  throat  area  and  thrust  vector  angle.  This  research  effort  is  investigating 
unsteady  methods  for  increasing  the  fluidic  blockage  produced  by  an  injector  blowing 
into  an  internal,  high-speed  cross  flow  (Fig.  1).  If  greater  blockage  can  be  generated  by 
pulsed  injection,  the  mass  flow  required  to  achieve  nozzle  jet  flow  control  could  be 
reduced.  Reducing  injector  flow  rate  is  desired  to  achieve  the  peak  system-level 
performance.  Previous  experimental  efforts  have  established  that  periodic  modulation  of 
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a  transverse  injected  stream  into  a  low-speed  cross  flow  increases  stream  penetration  and 
effective  diameter  by  at  least  100%  relative  to  steady-state  injection(4,5,6).  These  results 
suggest  that  greater  flow  blockage  may  be  obtained  using  pulsed  injection.  The 
fundamental  mechanism  governing  this  enhanced  penetration  is  the  appropriate 
formation,  spacing,  and  strength  of  trains  of  vortex  rings  generated  at  the  injector  exit.  In 
this  project,  CFD-based  methodologies  are  being  developed  for  modeling  and  simulation 
of  the  fundamental  unsteady  flow  field  to  investigate  the  effects  of  compressibility  and 
transonic  injection  on  vortex -ring  penetration  and  blockage.  Experimental  methods  are 
being  employed  for  evaluation  of  several  viable,  high-speed  pulsed-injection  actuators. 

Objectives 

The  principal  objective  of  this  research  effort  is  to  investigate  methods  for  increasing  the 
effective  blockage  produced  by  an  injector  blowing  into  an  internal,  high-speed  cross 
flow,  without  increasing  injector  flow  rate.  Specific  objectives  of  this  investigation  are  to: 

1)  Develop  a  CFD  Simulation  Methodology  for  Pulsed  Injection 

Little  experimental  data  is  available  for  the  flow  field  of  interest.  Therefore,  a  simulation 
capability  is  required  to  provide  detailed  understanding  of  this  3-D,  unsteady  flow  field. 

2)  Investigate  Use  of  Pulsed  Injection  for  Active,  Internal  Flowpath  Shaping 

This  project  will  investigate  the  relationship  between  injector-jet  structure,  penetration, 
and  effective  blockage  when  introduced  into  an  internal,  high-speed  cross  flow. 

3)  Establish  Fundamental  Requirements  for  High-Speed  Pulsed-injection  System 

This  project  will  investigate  both  the  basic  requirements  for  a  pulsed-injection  system  and 
the  characteristics  of  several  available  actuators  for  use  in  high-speed  cross  flows. 

4)  Develop  a  Rapid  Analysis 

An  efficient  CFD  modeling 
methodology  for  pulsed 
injection  will  be  developed 
for  rapid  analysis  in  a 
preliminary  design 

environment. 

Approach/Progress/F  uture 
Plans 

The  approach,  progress  and 
future  plans  for  this  research 
effort  are  outlined  in  the 
following  task  descriptions 
described  below:  (1)  Pulsed- 
injection  Simulation,  (2) 

Pulsed-injection  Testing,  (3) 

Simplified  Pulsed-injection 
Model. 


Method 


Existing  Water 
Tunnel  Data 


3-D  Time-Accurate 
Laminar  CFD 


Qualitative  Observations 

/Vortex  Ring  Structure  and  Trajectory 
Similar  to  Water  Tunnel  Flow  Vis 
/Vortex  Ring  Diameter  Growth  (2-3x) 
/  Ring  Spacing  Effect  on  Inclination 


Figure  2:  Low-Speed  Simulations  Produced 
Similar  Qualitative  Features  to  Test  (Re.  -  5k) 
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1)  Pulsed-Injection 
Simulation 

A  CFD  simulation 
methodology  has  been 
developed  for  pulsed 
injection  in  a  cross  flow. 

The  intended  application 
of  this  simulation  tool  is 
to  provide  adequate 
qualitative  structure  and 
quantitative  data  of  the 
injector-jet  flow  field 
sufficient  to  investigate 
and  exploit  its  potential 
for  enhancing  active 
flowpath  shaping.  The 
methodology  consists  of  appropriate  selection  of  turbulence  model,  numerical  resolution, 
and  numerical  scheme.  To  guide  the  appropriate  selection  of  these  CFD  parameters, 
simulations  of  an  existing  pulsed-injection  test  apparatus  were  conducted  and  compared 
with  corresponding  experimental  measurements.  The  FALCON  structured  flow  solver 
was  selected  for  this  task  based  on  previous  research  that  showed  its  ability  to  accurately 
simulate  both  steady  and  unsteady  flow  fields  in  relevant  applications. 

Initial  simulations  of 
previous  water  tunnel  testing 
were  run  to  ensure  that  the 
baseline  CFD  methodology 
produced  the  correct 
qualitative  flow  features 
(Fig.  2).(4)  For  quantitative 
assessment,  CFD 

simulations  of  the  pulsed- 
injection  configuration 
tested  by  Chin  and 
Vermeulen  were  done.(6) 
The  configuration  consisted 
of  a  19mm  diameter  jet 
injected  at  19  M/s  into  a 
cross  flow  of  10  M/s.  Both 
steady  and  208  Hz  pulsing 
cases  were  simulated. 

Fig.  3  summarizes  lessons 
learned  in  the  development 
of  the  simulation 
methodology  by 

highlighting  the  differences 
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Figure  4:  Unsteady  Flows  are  More  Sensitive  to 
Grid  Resolution  Than  Steady  Flows  (Re^Ok) 
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Figure  3:  Lessons  Learned  From  Development  of 
3D,  Unsteady,  CFD  Simulation  Methodology 
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between  steady  and  unsteady  CFD 
requirements.0*  The  steady  jet  solution 
requires  much  less  resolution  due  to 
spatial  averaging  of  the  Reynolds 
averaged  Navier-Stokes  (RANS) 
turbulence  model  (in  this  case  the  two 
equation  k-kl  model).  However,  such  a 
turbulence  model  filters  out  much  of  the 
relevant  flow  details  in  the  unsteady 
solutions.  Therefore,  a  Large  Eddy 
Simulation  (LES)  model  was  used  in  the 
final  simulations.  Since  spatial  and 
temporal  flow  gradients  are  much  higher, 
greater  grid  resolution  and  more  accurate 
discretizations  are  used  to  obtain  accurate 
solutions.  Fig.  4  shows  time-averaged 
velocity  profiles  of  the  flow  at  a  distance 
of  1.43  injector  diameters  downstream  of  the  injector.  These  results  show  the  effect  of 
grid  resolution  on  CFD  results  for  both  the  steady  and  pulsed  jet.  Coarse,  medium,  and 
fine  grids  (100K,  400K  and  600K  points)  were  used  to  determine  spatial  resolution 
requirements.  For  steady  injection,  coarse  and  medium  grids  agree  well,  although  they 
overshoot  the  data  somewhat  (this  overshoot  is  a  RANS  turbulence  modeling  problem 
which  occurs  in  flows  with  high  curvature).  In  the  pulsing  case,  the  coarse-grid 
completely  diffuses  the  velocity  profile,  but  medium  and  fine-grid  results  agree  well. 


The  effect  of  increasing  the  numerical  accuracy  has  also  been  investigated.  FALCON 
uses  a  2nd  order  upwind  discretization  of  the  inviscid  fluxes.  In  addition,  the  minmod 
flux  limiter  is  used  to  remove  oscillations  at  discontinuities  in  the  flow,  which  reduces  the 
scheme  to  first  order  at  extrema.  Third-order  discretization  and  improved  limiters  that 
maintain  accuracy  at  extrema  have  been  incorporated  into  the  code.  Fig.  5  shows  the 
effect  of  these  improvements  in  the  pulsed-injector-jet  case.  The  third  order  result 
compares  better  with  the  peak  in  the  test-measured  velocity  profile. 
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Figure  6:  3-D  High-Speed  Simulations  Showing  a  Frequency  Requirement  of 
Between  12-24  kHz  at  Model-Scale  (Rer1.5xl06)  and  1.2-2.4  kHz  Full  Scale 
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Work  is  currently  ongoing  in  applying  CFD  to 
the  current  nozzle  geometry  to  determine 
requirements  of  pulsed-injector  operation  for  use 
in  high-speed  cross  flows.  In  Fig.  6,  solutions  of 
steady  and  pulsed-injector  jet  flows  for  sonic 
cross  flow  conditions  are  shown.  Pulsing 
frequency  is  one  of  the  parameters  being 
investigated  -  here  a  24kHz  case  is  shown.  The 
pulsed-injector  simulation  shows  a  clear  train  of 
vortex-ring  structures  that  penetrate  much 
deeper  than  the  steady-injector  case.  The  particle 
traces  shown  in  this  figure  illustrate  the 
entrainment  of  the  cross  flow  by  the  injector  jet, 
which  may  affect  the  ability  of  the  injector  jet  to 
increase  nozzle  blockage. 

2)  High-Speed  Pulsed-Injection  Testing 

A  complementary  (to  the  simulation  work)  experimental  investigation  of  pulsed  injection 
is  being  conducted  at  the  University  of  Tennessee  Space  Institute  (UTSI).(4)  The  focus  of 
this  task  is  to  investigate  pulsing  systems  for  enhancing  injector-jet  penetration  and 
blockage  in  a  compressible,  high-speed,  confined  cross  flow.  To  date,  the  experimental 
setup  has  been  designed  and  manufactured,  and  the  pulsing  systems  have  been  bench- 
tested  and  are  ready  for  integration  into  the  nozzle  flow. 

Experimental  Investigation.  The  airflow  of  a  transverse-mounted  pulsed  injector  issuing 
into  a  2-D  nozzle  is  visualized  through  a  side-view  window  on  the  test  article  (Fig.  7).  . 
The  effects  of  pulsing  frequency  and  actuator  type  on  jet  velocity,  penetration,  blockage, 
and  vortex-ring  characteristics  will  be  evaluated  using  Particle  Imaging  Velocimetry 
(PIV).  The  nozzle  model  is  supplied  by  airflow  from  a  plenum  chamber.  Both  a  fluidic 
and  an  acoustic  actuator  are  being  evaluated  for  pulsing  the  injected  stream.  A  LabView 
digital  data  acquisition  system  is  being  used  to  monitor  static  and  high-response  pressure, 
temperatures,  Mach  numbers,  and  mass  flow  measurements. 

Pulsing  Systems.  The  first  pulsing 
called  a  Diverter  Valve  (ASDV) 

(Fig.  7).  The  ASDV  fluidically 
switches  the  injector  stream 
between  two  exit  ports,  which 
creates  a  series  of  pulses  in  each 
exit  stream  corresponding  to  the 
switching  frequency  of  the 
device.  Characteristics  of  the 
ASDV  include:  variable 

frequency  control  (maximum 
-200  Hz  as  tested),  high  mass 
flow  rate  capability,  and 
relatively  sharp  pulse  waveforms, 


system  is  a  fluidic  device,  developed  by  AlliedSignal, 


Figure  8:  Measured  ASDV  Waveform  @ 
200Hz  Using  High-Response  Measurements 


Figure  7:  Experimental  Setup 
for  Pulsed  Injection  in  a  Nozzle 
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as  shown  in  high-response  measurements  (Fig.  8).  While  the  ASDV  frequency  of 
operation  is  currently  too  low  for  use  in  a  transonic  cross  flow,  modifications  can  be 
made  to  increase  the  maximum  frequency  to  the  kHz  range.  PIV  measurements  will  be 
made  at  moderate  cross  flow  speeds  to  determine  if  a  fluidic  actuator  can  generate 
sufficient  pulses  to  produce  a  coherent  train  of  vortex  rings.  The  second  device  is  an 
Acoustically  Pulsed  Valve  (APV),  developed  by  UTSI,  which  can  be  operated  in  passive 
or  active  mode  near  very  high  frequencies  (demonstrated  in  a  passive  mode  at  up  to  8 
kHz)  required  for  transonic  cross  flows,  as  predicted  by  CFD  simulations.  Other 
characteristics  of  the  APV  include:  variable  frequency  control,  high  mass  flow  rate 
capability,  and  relatively  sharp  pulse  waveforms.  Similar  to  the  ASDV,  detailed 
measurements  will  be  made  to  determine  if  the  APV  can  generate  pulses  of  sufficient 
amplitude  to  produce  the  desired  flow  field. 

Work  is  currently  ongoing  to  calibrate  the  PIV  measurement  system  for  use  in  the  high¬ 
speed  nozzle  cross  flow.  When  completed,  both  pulsing  systems  will  be  evaluated 
according  the  plan  discussed  above. 

3)  Simplified  Pulsed-Injection  Model 

When  evaluating  pulsed  injection  in  a  design  environment,  many  solutions  will  be 
required  to  investigate  the  effects  of  parameters  to  obtain  an  optimum  concept. 
Simulation  of  pulsed  injection  is  computationally  intensive  and  for  applications  with 
multiple  pulsed  injectors,  very  large  computational  meshes  will  be  required  for  adequate 
resolution.  For  such  cases,  simulation  is  too  time  and  cost  intensive.  In  this  task,  we  will 
develop  a  simplified  CFD  model  of  the  pulsed  injected  stream  that  will  capture  its 
essential  effect  on  the  cross  flow,  without  the  need  of  a  highly  resolved  simulation. 
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1  Objectives  &  Approach 

The  application  of  large  eddy  simulation  (LES)  to  attached  turbulent  boundary  layers  is  lim¬ 
ited  to  low  Reynolds  numbers  because  the  characteristic  dimension  of  the  energy  containing 
structures  scales  with  the  distance  from  the  wall.  The  goal  of  this  research  is  to  develop 
approximate  “wall-boundary  conditions”  so  that  the  near-wall  flow  need  not  be  resolved. 
This  will  allow  the  computational  grid  to  be  chosen  in  terms  of  outer  scales  (e.g.  boundary 
layer  thickness)  instead  of  Reynolds  number  dependent  inner  scales,  thus  permitting  the  ap¬ 
plication  of  LES  at  much  higher  Reynolds  numbers  for  engineering  applications.  Our  general 
methodology  is  to  use  empirical  analyses  of  near-wall  behavior  in  existing  experimental  and 
numerical  simulation  databases  and  theoretical  analysis  of  highly  anisotropic  near-wall  flow 
to  develop  and  improve  wall  models  which  will  be  tested  in  select  large-eddy  simulations  of 
attached  and  separated  flows. 


2  Progress  &:  Results 


The  most  commonly  used  approximate  boundary  condition  for  LES  is  to  supply  wall  stresses 
in  the  first  grid  volume  adjacent  to  the  wall  that  represent  the  effects  of  the  near-wall  region 
on  the  outer  flow.  In  this  approach,  the  wall-normal  velocity  is  assumed  to  be  zero  and 
the  model  wall  stresses  are  determined  from  outer  flow  conditions.  For  low  to  moderate 
Reynolds  numbers,  say  below  1000  based  on  the  shear  velocity,  wall  stress  models  that  are 
based  on  simple  instantaneous  stress  balances  or  time-dependent  RANS  models  have  shown 
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some  success  in  channel  flow  and  massively  separated  flow  behind  a  step  [4,  5,  6] .  These  RANS 
based  models  use  mixing  length  eddy  viscosities  that  are  designed  to  reproduce  the  log  law 
in  high  speed  regions.  The  most  complex  of  these  models  is  based  on  the  thin  turbulent 
boundary  layer  equations  that  incorporate  pressure  gradient  information  from  the  outer  flow 
and  are  found  to  give  much  better  mean  wall  stress  predictions  in  separated  regions  than 
simple  mean  stress  balance  models. 

These  wall  stress  models  continue  to  be  tested  in  turbulent  boundary  layer  applications 
featuring  separation.  These  flows  include:  a  turbulent  separated  boundary  layer  on  a  flat 
plate  induced  by  an  imposed  adverse  pressure  gradient  [10],  which  allows  us  to  study  the 
performance  of  wall  stress  models  in  a  situation  with  mild  separation  and  no  geometrical 
complications;  and,  under  a  different  grant,  a  trailing  edge  flow  featuring  mild  separation 

[13]- 

Preliminary  results  from  the  simulations  of  the  separated  turbulent  boundary  layer  show 
qualitative  agreement  with  direct  numerical  simulation  results  [10].  We  have  found,  however, 
that  the  large  eddy  simulations  are  very  sensitive  to  inflow  conditions  and  tend  to  undergo 
large  transients  in  the  inlet  section,  which  has  correspondingly  large  effects  downstream  [7]. 
Compatible  inflow  conditions  are  currently  being  generated  off-line  with  a  recycling  technique 
[9]  using  the  same  grid,  numerics,  and  models  as  the  main  simulation.  This  will  allow  us 
to  make  quantitative  assessments  of  wall  stress  models  in  the  future.  Simple  stress  balance 
models  in  a  higher  Reynolds  number  trailing  edge  flow  have  shown  encouraging  results,  giving 
fairly  good  predictions  for  the  mean  velocity  and  correctly  predicting  the  separation  point  at 
10%  of  the  cost  of  a  well  resolved  large  eddy  simulation  [13].  Some  details  of  the  separation 
region  are  not  accurate,  which  may  be  improved  by  using  stress  models  with  more  pressure 
gradient  and  material  convection  information  from  the  outer  flow. 

For  high  Reynolds  numbers  we  have  found  that  the  current  generation  of  wall  stress  models 
do  not  correctly  predict  the  mean  velocity  profile  even  in  turbulent  channel  flow.  The  wall 
stresses  not  only  have  to  predict  mean  characteristics  such  as  the  average  drag,  they  also 
have  to  provide  boundary  conditions  for  the  fluctuating  velocities  that  can  compensate  for 
the  numerical  and  subgrid  scale  modeling  errors  associated  with  the  coarse  near-wall  grid.  At 
low  to  moderate  Reynolds  numbers  the  flow  is  evidently  able  to  compensate  for  these  errors, 
but  at  high  Reynolds  numbers  wall  stress  models  based  on  first  order  quantities  such  as  the 
mean  stress  balance  are  inadequate.  To  find  the  proper  and  apparently  non-intuitive  wall 
stresses  that  work  we  have  turned  to  optimal  control  theory. 


2.1  A  new  approach 

The  problem  of  finding  wall  stress  boundary  conditions  to  approximate  the  effects  of  the  near¬ 
wall  region  can  be  regarded  as  a  control  problem  in  which  the  objective  is  for  the  coarse-grid, 
outer  LES  to  yield  good  low-order  statistics,  and  the  unknown  controls  are  the  wall  stress 
boundary  conditions.  The  mathematical  framework  for  optimal  control  in  fluid  mechanics  is 
well  established  [1] ,  but  this  application  to  LES  is  new.  Tests  in  LES  of  turbulent  channel 
flow  have  shown  that  this  approach  is  very  promising. 
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Figure  1:  Mean  velocity  profile  in  turbulent  channel  flow  at  Rer  =  4000  on  323  uniform  grid. 
Results  with  3  wall  models  are  shown  —  Piomelli  shifted  model,  suboptimal  control,  and 
LSE. 

Using  a  second  order  finite  difference  code  with  the  plane  averaged  dynamic  Smagorinsky 
model  and  a  323  uniform  grid  we  have  conducted  several  LES’s  at  Rer  =  4000  (~  110,000 
based  on  centerline  velocity).  For  this  configuration,  the  grid  spacing,  in  wall  units,  is  greater 
than  200+  in  the  wall-normal  and  spanwise  directions,  and  nearly  800+  in  the  streamwise 
direction.  Such  a  grid  cannot  capture  any  of  the  near- wall  physics.  As  a  benchmark,  a 
simulation  was  conducted  with  the  popular  shifted  model  of  Piomelli,  et  al.  [12]  in  which  the 
streamwise  (spanwise)  wall  stress  is  assumed  to  be  in  phase  with  the  streamwise  (spanwise) 
velocity  at  a  point  slightly  downstream  in  the  first  off-wall  plane,  and  the  mean  wall  stress 
is  determined  by  the  logarithmic  law  of  the  wall.  As  shown  in  Figure  1  the  mean  velocity 
gradient  is  severely  underpredicted  for  several  grid  points  resulting  in  an  underprediction 
of  the  log.  region  intercept  (this  model  does  perform  well  at  low  to  moderate  Reynolds 
numbers) . 

Next,  the  sub-optimal  control  procedure  was  implemented  in  which  the  wall  stresses  were 
found  that  minimized  the  distance  of  the  plane- averaged  mean  flow  to  the  law  of  the  wall  at 
each  time  step.  Nearly  perfect  agreement  with  the  log.  law  is  obtained  for  the  first  two  planes 
and  the  log.  region  intercept  is  predicted  to  within  0.5ur  over  the  domain  as  can  be  seen  in 
Figure  1.  The  mass  flux  is  predicted  to  within  6%  and  this  improves  as  the  grid  is  refined.  As 
shown  in  Figure  2,  the  suboptimal  wall  stresses  produce  higher  values  of  urms  than  the  shifted 
model.  The  suboptimal  wall  stresses  are  not  necessarily  the  physically  correct  ones,  instead 
they  compensate  for  the  numerical  and  subgrid  scale  modeling  errors  intrinsic  to  coarse-grid 
LES. 

While  the  suboptimal  control  approach  could  be  used  as  a  wall  model,  provided  a  target  mean 
velocity  profile  is  known  at  least  for  the  near- wall  region  of  interest,  the  cost  of  the  simulation 
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Figure  2:  urms  and  vrrns  at  Rer  =  4000  on  32s  uniform  grid.  Results  with  3  wall  models  are 
shown  —  Piomelli  shifted  model,  suboptimal  control,  and  LSE. 

with  the  suboptimal  control  is  about  20  times  greater  than  that  with  the  shifted  model 
mentioned  above.  Fortunately,  the  suboptimal  control  approach  provides  a  set  of  reference 
data  that  can  be  used  to  derive  new  wall  models.  We  would  like  to  find  the  conditional 
average  of  the  wall  stress,  that  is,  the  best  possible  prediction  of  the  wall  stress,  given  the 
LES  velocity  field  in  some  neighborhood  of  the  prediction  point.  The  conditional  average 
embodies  so  much  statistical  information  that  it  is  unlikely  that  it  could  be  found  exactly, 
but  Linear  Stochastic  Estimation  (LSE)  is  a  well  established  method  for  approximating  it  [2]. 
We  have  found  that  the  LSE  reproduces  the  suboptimal  wall  stresses  extremely  well  given 
only  local  velocity  field  information.  A  wall  model  based  on  a  single  set  of  LSE  coefficients 
gives  good  mean  flow  predictions  over  a  large  range  of  Reynolds  numbers  (from  180  to  20000 
based  on  the  shear  velocity)  and  even  on  different  grids.  Figure  1  shows  the  result  of  using 
the  LSE  wall  model  at  Rer  —  4000.  Further  results  will  be  included  in  our  presentation. 


3  Future  Plans 

We  will  continue  to  explore  the  derivation  of  improved  wall  models  using  the  optimal  control 
/  linear  stochastic  estimation  framework.  In  particular,  the  suboptimal  control  mentioned 
above,  in  which  the  control  was  optimized  so  that  the  best  mean  flow  was  obtained  at  each 
time  step  should  be  extended  to  find  the  best  wall  stresses  over  a  longer  time  horizon.  We  ex¬ 
pect  this  to  yield  further  improvements  in  mean  flow  prediction.  The  reference  data  generated 
by  new  simulations  will  be  used  to  derive  new  LSE  wall  models  and  these  will  be  investigated 
for  grid  Reynolds  number  dependence.  The  relationship  to  the  subgrid  scale  model  for  the 
outer  flow  will  also  be  investigated.  Furthermore  the  optimal  control  framework  will  be  used 
to  investigate  other  possible  approximate  boundary  conditions  such  as  supplying  Dirichlet 
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boundary  conditions  to  the  velocity  field  at  some  distance  from  the  wall  an  approach  that 
has  thus  far  met  with  limited  success  [3,  8,  11]. 

These  new  wall  stress  models,  as  well  as  some  of  the  existing  ones,  will  be  tested  in  simulations 
of  mildly  separated  flow  with  low  to  moderate  Reynolds  numbers  using  consistent  inflow 
conditions  to  allow  more  quantitative  comparisons  of  results.  We  will  determine  if  simple 
stress  balance  models  and  the  new  LSE  wall  models  are  sufficient  for  accurately  predicting 
the  separated  flow,  or  if  more  pressure  gradient  and  flow  convection  information  from  the 
outer  flow  is  needed,  as  provided  by  the  more  costly  unsteady  thin  boundary  layer  equations. 
A  less  costly  alternative  to  the  thin  boundary  layer  equations  will  be  explored,  in  which 
the  stress  balance  model  is  modified  with  estimates  of  the  pressure  gradient  and  material 
derivative  of  the  outer  flow  near  the  wall;  a  priori  tests  have  shown  that  this  significantly 
improves  the  prediction  of  the  wall  stress  around  separation.  While  this  approach  has  focused 
on  manipulating  the  wall  stress,  improvements  in  the  subgrid-scale  model  on  the  very  coarse 
near-wall  grid  is  also  required.  The  standard  subgrid-scale  models  currently  in  use  cannot 
treat  the  large  variations  and  anisotropy  that  occur  within  the  near-wall  cells;  we  will  therefore 
explore  new  ways  to  model  unresolved  stresses  more  accurately  in  this  region. 

Finally,  since  it  seems  likely  that  different  approximate  boundary  conditions  will  be  needed 
in  different  flow  regimes,  we  will  also  begin  examining  the  problem  of  determining  how  and 
where  to  switch  between  different  wall  models. 


4  Acknowledgement /Disclaimer 

This  work  was  sponsored  by  the  Air  Force  Office  of  Scientific  Research,  USAF ,  under  grant 
number  F49620-97- 1-0210.  The  views  and  conclusions  contained  herein  are  those  of  the 
authors  and  should  not  be  interpreted  as  necessarily  representing  the  official  policies  or  en¬ 
dorsements,  either  expressed  or  implied,  of  the  Air  Force  Office  of  Scientific  Research  or  the 
U.S.  Government. 


References 

[1]  F.  Abergal  and  R.  Temam.  On  some  control  problems  in  fluid  mechanics.  Theoret./ 
Comput./  Fluid  Dynamics ,  1:303-325,  1990. 

[2]  R.J.  Adrian,  B.G.  Jones,  M.K.  Chung,  Y.  Hassan,  C.K.  Nithianandan,  and  A.  Tung. 
Appoximation  of  turbulent  conditional  averages  by  stochastic  estimation.  Phys.  Fluids , 
1:992-998,  1989. 

[3]  J.S.  Baggett.  Some  modeling  requirements  for  wall  models  in  large  eddy  simulation.  In 
Annual  Research  Briefs ,  pages  123-134.  Center  for  Turbulence  Research,  1997. 

[4]  E.  Balaras,  C.  Benocci,  and  U.  Piomelli.  Two-layer  approximate  boundary  conditions 
for  large-eddy  simulations.  AIAA  J.,  34:1111-1119,  1996. 


169 


[5]  W.  Cabot.  Large-eddy  simulations  with  wall  models.  In  Annual  Research  Briefs,  pages 
41-50.  Center  for  Turbulence  Research,  1995. 

[6]  W.  Cabot.  Near-wall  models  in  large  eddy  simulations  of  flow  behind  a  backward-facing 
step.  In  Annual  Research  Briefs,  pages  199-210.  Center  for  Turbulence  Research,  1996. 

[7]  W.  Cabot.  Large-eddy  simulation  of  a  separated  boundary  layer.  In  Annual  Research 
Briefs,  pages  279-288.  Center  for  Turbulence  Research,  1998. 

[8]  J.  Jimenez  and  C.  Vasco.  Approximate  lateral  boundary  conditions  for  turbulent  simu¬ 
lations.  In  Proceedings  of  the  Summer  Program.  Center  for  Turbulence  Research,  1998. 

[9]  T.S.  Lund,  X.  Wu,  and  K.D.  Squires.  Generation  of  turbulent  inflow  data  for  spatially- 
developing  boundary  layer.  J.  Comp.  Phys.,  140:233-258,  1998. 

[10]  Y.  Na  and  P.  Moin.  Direct  numerical  simulation  of  a  separated  turbulent  boundary 
layer.  J.  Fluid  Mech.,  370:175-201,  1998. 

[11]  F.  Nicoud,  G.  Winckelmans,  D.  Carati,  J.  Baggett,  and  W.  Cabot.  Boundary  condition 
for  les  away  from  the  wall.  In  Proceedings  of  the  Summer  Program.  Center  for  Turbulence 
Research,  1998. 

[12]  U.  Piomelli,  J.  Ferziger,  P.  Moin,  and  J.  Kim.  New  approximate  boundary  conditions 
for  large  eddy  simulations  of  wall-bounded  flows.  Phys.  Fluids,  1:1061-1068,  1989. 

[13]  M.  Wang.  Progress  in  large-eddy  simulation  of  trailing-edge  turbulence  and  aeroacous- 
tics.  In  Annual  Research  Briefs,  pages  37-49.  Center  for  Turbulence  Research,  1997. 


5  Personnel  Supported 

The  following  personnel  have  been  supported  from  this  grant  in  this  period:  Parviz  Moin; 
Javier  Jimenez  as  a  senior  research  fellow  of  the  Center  for  Turbulence  Research  at  Stanford 
University;  and  William  Cabot  as  a  senior  research  associate  of  the  Center  for  Turbulence 
Research  at  Stanford  University. 


6  Interactions/Transitions 

1.  Jeffrey  Baggett  and  William  Cabot  presented  preliminary  results  based  on  this  research 
at  the  51st  Meeting  of  the  Fluid  Dynamics  Division  of  the  American  Physical  Society 
in  Philadelphia  in  November  1998. 

2.  Parviz  Moin  presented  an  invited  lecture  on  this  research  on  June  30,  1999  at  the 
Newton  Institute  of  Mathematical  Sciences  at  Cambridge. 


170 


DELTA  WING  VORTEX  BREAKDOWN  CONTROL 
MIPR  No.  985203029 

AFORSR  CONTRACT  NUMBER  F49620-96- 1-0459 

Julie  A.  Morrow,  Yair  Guy,  Thomas  E.  McLaughlin 
US  Air  Force  Academy,  CO 

Israel  Wygnanski 
University  of  Arizona 


Pressure  Distribution 

A  parametric  study  of  the  effect  of  periodic  flow  excitation  on  the  normal  force  of  a  delta 
wing  was  conducted  in  the  low-speed  wind  tunnel  at  the  USAF  Academy.  Periodic 
blowing  and  suction  with  zero  net  mass  flux  was  applied  at  the  leading  edge  of  a  half¬ 
span  wing.  The  pressure  distribution  over  the  rear  2/3  of  the  upper  surface  was  measured 
at  angles  of  attack  from  20°  to  40°  and  the  pressure  was  integrated  to  yield  the  normal 
force.  The  experiments  were  conducted  at  a  freestream  velocity  of  4.3  m/s, 
corresponding  to  a  chord  Reynolds  number  of  2.1  x  105.  The  flow  excitation  frequency 
was  varied  from  0  to  20  Hz.,  corresponding  to  nondimensional  frequencies  of  0  to  3.5, 
and  the  momentum  coefficient  was  varied  form  0  to  0.0044.  It  was  found  that  periodic 
flow  excitation  delays  wing  stall  by  10°  approximately  and  greatly  increases  the  normal 
force  at  high  angles  of  attack.  The  effect  of  the  flow  excitation  is  maximized  at  a 
nondimensional  frequency  of  1.4  and  at  a  momentum  coefficient  of  0.004  approximately. 
A  maximum  increase  of  40%  in  the  normal  force  was  obtained  at  an  angle  of  attack  of 
40°  at  these  conditions,  relative  to  the  unforced  case^’  .  These  results  are  consistent  with 
results  obtained  in  previous  investigations1’  . 

Sample  plots  of  the  results  are  presented  in  Figure  1  and  2.  The  variation  of  the  normal 
force  coefficient  with  the  nondimensional  frequency,  for  a  constant  value  of  the 
momentum  coefficient  is  presented  in  Fig.  1.  The  variation  of  the  normal  force 
coefficient  with  the  momentum  coefficient,  for  a  constant  value  of  the  nondimensional 
frequency,  is  presented  in  Fig.  2. 

Velocity  Measurement  and  Flowfield  Visualization 

The  velocity  distribution  over  the  wing  and  across  the  vortex  core  is  measured  in  the 
water  tunnel  at  the  USAF  Academy.  The  flowfield  and  the  vortex  structure  are 
visualized.  Periodic  blowing  and  suction  with  zero  net  mass  flux  is  applied  at  the  leading 
edge  of  the  wing  and  a  2-component  Laser  Doppler  Velocimetry  system  is  used  to  survey 
the  velocity  field.  The  spatial  and  temporal  location  of  the  vortex  core  is  visualized  by 
dye  injection.  The  structure  of  the  vortex  with  and  without  flow  excitation  is  visualized 
with  a  laser  light  sheet.  This  is  an  ongoing  research  and  is  aimed  at  in-depth 
understanding  of  the  parameters  that  govern  the  efficacy  of  periodic  flow  excitation. 
Preliminary  results  indicate  that  periodic  flow  excitation  delays  vortex  breakdown  by  0.2 


171 


chordlength  approximately  and  increases  the  local  velocities  over  the  wing,  after  the 
onset  of  vortex  breakdown5. 


Nondimensional  frequency,  F+ 


Figure  1:  The  variation  of  the  normal  force  coefficient  with  the  nondimensional 
frequency,  0^=0.004 
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Figure  2:  The  variation  of  the  normal  force  coefficient  with  the  momentum  coefficient, 
F+=1.7 

Sample  results  are  presented  in  Figures  3  and  4.  The  axial  location  of  the  vortex 
breakdown,  for  several  values  of  the  nondimensional  excitation  frequency  is  presented  in 


Fig.  3.  The  effect  of  the  periodic  blowing  and  suction  on  the  velocity  across  the  vortex 
core  is  presented  in  Fig.  4. 


18  20  22  24  26  28  30  32  34  36  38  40  42  44  46  48 

( 2°,  Angle  of  Attack 

Figure  3:  Axial  location  of  the  vortex  breakdown 


Figure  4:  The  effect  of  the  periodic  blowing  and  suction  on  the  velocity  across  the  vortex 
core.  Axial  location  X/C=0.5,  a=30°,  flow  excitation  at  F+=1.5. 
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Motivation  and  Objectives 

A  large  fraction  of  the  effort  in  turbulence  research,  including  numerical  simulations,  ex¬ 
periments,  theory  and  modeling,  has  been  directed  toward  incompressible  turbulence.  This 
is  largely  due  to  the  simplifications  that  the  incompressible  assumption  allows,  and  to  the 
belief  that  turbulence  is  in  essence  an  incompressible  phenomenon.  However,  many  of  the 
flows  of  technological  interest  are  compressible  (e.g.  external  aerodynamics,  propulsion 
systems)  leading  to  the  requirement  that  our  understanding  of  incompressible  turbulence 
be  translated  to  these  compressible  flows.  An  example  of  this  is  that  most  commonly  used 
turbulence  models  for  compressible  flows  are  modifications  of  models  developed  for  in¬ 
compressible  flows  (e.g.  the  k-e  model). 

Fortunately,  in  many  flows  the  small-scale  turbulence  is  nearly  incompressible,  albeit  with 
non-constant  density,  even  though  the  flow  itself  is  highly  compressible.  For  example,  in 
much  of  the  literature  on  compressible  boundary  layers  (see  the  review  by  Spina  et  al., 
1 994),  differences  relative  to  an  incompressible  boundary  layer  (up  to  M  —  5,  say)  are 
understood  as  being  caused  by  variations  in  the  mean  density  across  the  layer.  This  has  long 
been  appreciated  and  is  the  basis  of  the  Van  Driest  (Van  Driest  1951,  1956)  transformation 
and  the  Morkovin  hypothesis  (Morkovin  1961). 

These  observations  suggest  that  a  formulation  based  on  low  Mach  number  asymptotics,  in 
which  the  turbulence  is  treated  as  weakly  compressible  while  the  mean  is  considered  to  be 
fully  compressible,  would  provide  a  good  description  of  the  boundary  layer  to  quite  large 
Mach  numbers,  and  a  rational  basis  for  the  development  of  compressible  turbulence  mod¬ 
els.  Furthermore,  such  a  formalism  would  allow  the  effects  of  compressibility  on  the  turbu¬ 
lence  to  be  precisely  defined  and  quantified,  and  provide  a  framework  for  the  understand¬ 
ing  of  the  large  qualitative  differences  in  compressibility  effects  between  wall-bounded  and 
free  shear  flows.  The  research  under  this  grant  is  aimed  at  developing  such  an  asymptotic 
formulation  for  the  description  of  compressibility  effects  in  compressible  turbulent  shear 
layers. 


Approach 

The  starting  point  for  the  analysis  required  for  the  development  of  our  weakly  compressible 
turbulence  description  is  the  asymptotic  analysis  of  Zank  &  Matthaeus  (1991).  However, 
examination  of  DNS  fields,  indicates  that  in  fact  the  Zank  &  Matthaeus  formulation  is 
inadequate  for  analysis  of  the  boundary  layer,  and  presumably  compressible  shear  layers  in 
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general.  To  generalize,  we  consider  a  representation  of  the  compressible  fields  as  follows. 


u  = 

U/  +  £(u*  +  Uffl), 

(1) 

p  = 

1  +  e2(pi  +Pa), 

(2) 

T  = 

7  ,  +  eTt  +  e2Ta, 

(3) 

7-1 

P  = 

1  +  £pt  +  £2  pa\ ! 

(4) 

where  subscript  T  denotes  the  nontrivial  incompressible  part,  subscript ‘t’  denotes  the  vari¬ 
able  temperature  (thermal)  part  and  subscript  ‘a’  denotes  the  acoustic  part.  This  along  with 
the  assertions  that  the  incompressible  velocity  is  divergence  free,  and  that  the  compressible 
components  vary  on  a  time  scale  a  factor  of  e  shorter  than  the  non-acoustic  variables,  allow 
the  compressible  Navier-Stokes  equations  to  be  decomposed  into  equations  for  acoustic 
and  non-acoustic  variables.  For  example,  the  equation  for  the  acoustic  acoustic  velocity  is. 


duai  ( duai  dUgi 

~dU  £  V  dti  Ul3  dxi  / 

and  for  the  non-acoustic  velocity  is: 
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dxi  Re 


dSjjj  dpi^Iij  . 
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dsuj 
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(5) 


(6) 


+  0(s2) 


Note  that  to  leading  order,  the  equations  for  the  acoustic  velocities  are  those  of  linear  acous¬ 
tics  in  a  uniform  medium,  and  to  the  next  order,  they  are  the  equations  for  linear  acoustics 
through  a  turbulent  medium  defined  by  the  incompressible  and  thermal  fields.  To  leading 
order  the  non-acoustic  equations  are  the  incompressible  equations,  and  to  next  order  they 
are  the  incompressible  variable  density  equations.  This  is  in  essence  a  formal  asymptotic 
version  of  the  postulated  decomposition  of  Chu  &  Kovaszney  (1957). 


To  make  use  of  this  result  in  analyzing  compressible  turbulence,  one  must  be  able  to  ac¬ 
tually  determine  the  acoustic  and  non-acoustic  portions  of  a  compressible  turbulent  field. 
Thus  we  extend  the  analysis  to  the  fluctuations  in  a  Reynolds  (or  Favre)  decomposed  tur¬ 
bulence,  so  that  the  mean  is  treated  as  fully  compressible,  while  the  turbulence  is  weakly 
compressible,  satisfying  equations  similar  to  (5)  and  (6).  A  numerical  decomposition  pro¬ 
cedure  is  then  used  to  determine  the  acoustic  and  non-acoustic  components  of  a  compress¬ 
ible  turbulent  field  obtained  from  Direct  Numerical  Simulation  (DNS).  DNS  is  an  ideal 
source  of  data  for  this  purpose,  since  virtually  any  quantity  of  interest  can  be  determined 
from  the  simulation  fields.  The  resulting  decomposition  can  then  be  used  as  a  basis  tor 
analysis  and  modeling  of  compressibility  effects  in  turbulence. 


To  address  the  observed  differences  in  the  effects  of  compressibility  on  wall-bounded  and 
free  shear  flows,  the  analysis  and  evaluation  of  DNS  data  will  be  done  for  two  compressible 
turbulent  shear  layers,  the  flat-plate  boundary  layer  and  the  mixing  layer.  Since  not  all 
the  required  simulations  are  currently  available,  particularly  for  the  mixing  layer,  some 
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Figure  1:  RMS  profiles  of  the  heat  flux  divergence  (left)  based  on  the  total  field,  the  non¬ 
acoustic  field  and  the  acoustic  field,  and  the  time  derivative  of  acoustic  u  (right)  as  com¬ 
puted  from  linear  acoustics,  and  the  difference  between  this  and  the  actual  time  derivative. 


simulations  must  be  performed  as  part  of  this  effort.  The  code  used  to  perform  the  required 
simulations  is  based  on  a  Fourier/B-Spline  representation,  which  provides  a  high-order, 
high  resolution  non-dissipative  numerical  approximation  to  the  Navier-Stokes  equations. 

Three  major  activities  in  this  research  have  been  pursued,  the  development  and  evaluation 
of  the  decomposition  into  acoustic  and  non-acoustic  fields  for  the  boundary  layer  using  ex¬ 
isting  DNS  data  (Guo  &  Adams,  1994);  simulation  and  analysis  of  a  compressible  bound¬ 
ary  layer  to  overcome  the  shortcomings  of  the  Guo  &  Adams  data;  and  preparations  for  the 
simulation  of  compressible  mixing  layers.  Results  from  these  activities  are  outlined  below. 

Decomposition  of  Turbulent  Fields 

The  decomposition  algorithm  begins  with  the  lowest  order  non-acoustic  pressure  equation. 

~fPu'nk  —  T  ~  -  (7) 

W  dxk  Pr  Re  dxk  ’ 

where  here  the  subscript  “n”  indicates  the  non-acoustic  component  (i.e.  both  the  incom¬ 
pressible  and  thermal  components),  and  q  is  the  heat  flux.  If  we  assume  that  the  heat  flux 
due  to  acoustic  fluctuations  is  negligible  so  that  the  non-acoustic  heat  flux  on  the  right  hand 
side  can  be  replaced  with  the  total  heat-flux,  then  this  is  an  equation  for  the  divergence 
of  the  non-acoustic  velocity.  This  approximation  is  asymptotically  valid,  and  as  shown  in 
figure  1,  the  acoustic  heat  flux  is  indeed  very  small  throughout  the  boundary  layer. 

Given  the  non-acoustic  velocity  divergence,  the  acoustic  velocity  divergence  is  known  by 
difference  and  this  is  enough  to  determine  the  acoustic  components  of  all  the  other  vari¬ 
ables.  In  the  simplest  case  of  negligible  mean  flow  gradients,  this  is  accomplished  by  noting 
that  the  acoustic  field  is  irrotational  and  isentropic.  A  decomposition  based  on  this  assump¬ 
tion  was  applied  to  boundary  layer  turbulence.  The  negligible  mean  gradient  assumption 
is  not  expected  to  be  valid  very  near  the  wall  where  the  mean  gradients  are  very  large. 
To  asses  how  good  the  decomposition  is,  we  can  check  if  the  acoustic  component  and  the 
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thermal  component  actually  satisfy  the  equations  we  assumed  they  did.  For  example,  the 
difference  between  actual  time  derivative  of  the  acoustic  component  of  u  and  that  computed 
from  linear  acoustics  is  also  shown  in  figure  1 .  Note  that  the  difference  is  relatively  small, 
except  for  near  the  wall,  where  we  expect  this  simple  version  of  the  decomposition  to  break 
down 

Having  performed  the  decomposition,  we  can  determine  the  magnitude  of  the  coupling 
between  the  acoustic  and  turbulent  fields  and  the  most  significant  terms  are  indeed  small. 
Thus  even  at  the  relatively  high  Mach  number  of  4.5,  the  turbulence  appears  to  be  sub¬ 
stantially  decoupled  from  the  acoustics.  This  is  not  to  say  that  the  acoustic  fluctuations  are 
necessarily  small,  they  just  have  minimal  effect. 

To  refine  the  decomposition,  one  needs  to  lift  the  restriction  of  negligible  mean  flow  gra¬ 
dients.  The  problem  then  is  to  determine  the  acoustic  flow  components  given  only  the 
divergence  of  the  acoustic  velocity  and  its  time  derivative,  which  is  also  known.  This  can 
be  accomplished  using  a  technique  similar  to  that  of  Coleman,  Kim  &  Moser  (1995).  First 
the  eigen  modes  of  the  Euler  equations  (or  the  Navier-Stokes  equations)  linearized  about 
the  mean  are  determined,  and  the  acoustic  modes  are  identified.  Then,  the  acoustic  diver¬ 
gence  and  its  time  derivative  are  expanded  in  terms  of  the  divergence  of  the  eigen  modes 
as  follows: 

V  •  ua  =  536J'V-u i  (8) 

j 

=  5>'AV-ui  (9) 

where  uJa  is  the  jth  acoustic  eigen  mode.  This  is  sufficient  to  determine  the  expansion  co¬ 
efficients  bj.  The  acoustic  velocities,  pressures  and  temperatures  can  then  be  determined 
from  the  eigenfunction  expansion.  This  procedure  is  currently  being  developed  and  imple¬ 
mented. 

Once  the  refined  decomposition  procedure  is  implemented,  it  will  allow  us  to  directly  deter¬ 
mine  the  impact  of  compressibility  on  the  turbulence.  This  analysis  will  be  applied  to  DNS 
data,  including  that  of  Guo  &  Adams  (1994)  up  to  M  =  6,  and  the  more  reliable  data  of 
Guarini  et  al.  (1999)  at  M  —  2.5.  Further,  a  similar  analysis  of  free  shear  flows  is  planned 
in  which  we  hope  to  learn  more  about  the  observed  differences  from  wall  bounded  flows 
in  compressibility  effects.  Finally,  and  most  important,  the  results  of  this  analysis  will  be 
applied  to  the  problem  of  turbulence  modeling  to  address  the  modeling  of  compressibility 
effects. 

New  Boundary  Layer  Simulations 

A  simulation  of  a  boundary  layer  at  M  =  2.5  in  a  much  larger  domain  than  that  of  Guo 
&  Adams  was  performed  and  is  reported  in  Guarini  et  al.  (1999).  The  simulation  uses  an 
advanced  numerical  method  based  on  B-spline  expansion  functions  (the  method  is  being 
further  refined,  see  below),  and  is  arguably  the  most  reliable  compressible  turbulent  bound¬ 
ary  layer  DNS  currently  available.  In  addition  to  providing  data  for  the  analysis  described 
above,  these  simulations  were  analyzed  to  evaluate  several  conventional  descriptions  of 
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Figure  2:  L2  error  in  the  representation  of  the  complex  exponential  with  wavenumber  k 

for _ B-spline  collocation, . B-spline  Galerkin  and - finite  element  Galerkin  for 

approximations  yielding  matrices  of  bandwidth  of  7  (7th  order  splines  for  collocation,  3rd 
order  splines  or  finite  elements  for  Galerkin).  km&x  is  27t/A,  where  A  is  the  knot  spacing. 

compressibility  effects  in  compressible  boundary  layers.  The  most  remarkable  result  of 
this  analysis  is  that  the  Strong  Reynolds  Analogy  (SRA),  as  commonly  used  in  the  analysis 
and  modeling  of  compressible  boundary  layers,  is  incorrect.  It  turns  out  that  the  fundamen¬ 
tal  idea  behind  the  SRA,  an  analogy  between  the  turbulent  momentum  and  energy  transfers, 
is  valid,  but  its  usual  expression  as  the  SRA  proposed  by  Morkovin  (1961)  is  flawed  (see 
Guarini  et  al.,  1999). 


Compressible  Free  Shear  Simulations 

The  third  activity  currently  being  pursued  is  in  preparation  for  performing  further  simula¬ 
tions  of  compressible  shear  layers,  particularly  free  shear  layers.  It  has  been  apparent  for 
some  time  that  the  B-spline/Fourier  numerical  simulation  code  used  for  the  compressible 
boundary  layer  simulations  of  Guarini  et  al.  (1999)  could  be  significantly  faster.  The  rea¬ 
son  for  the  inhibited  speed  is  the  much  greater  complexity  of  the  the  compressible  Navier- 
Stokes  equations  relative  to  the  incompressible  equations.  With  these  more  complicated 
equations,  the  Galerkin  projection  used  in  the  code,  which  has  been  used  to  good  effect  in 
previous  DNS  codes,  comes  at  a  high  price.  Furthermore,  analysis  of  the  B-spline  collo¬ 
cation  technique  indicates  that  it  in  fact  has  better  resolution  properties  at  a  given  cost  of 
computing  derivative,  and  will  allow  much  faster  computation  of  the  nonlinear  terms. 

An  evaluation  was  conducted  of  the  relative  resolution  properties  of  various  numerical 
schemes,  including  finite  difference,  finite  element,  B-spline  Galerkin  and  B-spline  collo¬ 
cation  schemes.  It  is  on  the  basis  of  this  analysis  that  B-spline  collocation  was  determined 
to  be  superior  to  these  other  formulations  for  turbulence  simulations.  An  example  result 
from  this  evaluation  is  shown  in  figure  2,  where  the  error  of  representing  the  complex  ex¬ 
ponential  is  plotted  as  a  function  of  wavenumber  for  schemes  with  a  matrix  bandwidth  of 
7  (7th  order  splines  for  collocation,  3rd  order  splines  or  finite  elements  for  Galerkin).  Note 
that  B-spline  collocation  significantly  out-performs  the  other  methods. 


179 


For  this  reason,  our  compressible  shear  layer  code  has  been  reimplemented  using  the  B- 
spline  collection  method.  It  is  beginning  to  be  used  for  compressible  flow  simulations.  A 
time-developing  compressible  plane  mixing  layer  will  be  simulated  to  provide  data  for  the 
analysis  discussed  above. 
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Motivation  and  Objectives 

One  of  the  most  promising  techniques  for  the  prediction  of  turbulent  flows  is  that  of  Large 
Eddy  Simulation  (LES),  in  which  an  underresolved  representation  of  the  turbulence  is  sim¬ 
ulated  numerically  by  modeling  the  effects  of  the  unresolved  small-scales  on  the  simula¬ 
tion.  Such  simulations  have  been  applied  in  several  flows  with  reasonable  success.  How¬ 
ever,  there  are  several  outstanding  problems  that  need  to  be  addressed  before  LES  can 
fulfill  its  promise  as  a  tool  for  turbulence  prediction  in  engineering  flows.  The  most  serious 
problems  limiting  the  usefulness  of  LES  is  the  representation  of  turbulence  near  walls  and 
other  strong  inhomogeneities.  Other  difficulties  include  the  dependence  of  models  on  the 
filter  and/or  numerical  discretization,  the  treatment  of  inhomogeneous  filters  and  the  lack 
of  understanding  of  the  modeling  errors  and  their  impact. 

Our  objective  in  this  research  is  to  address  these  issues  and  develop  a  rigorous  framework 
in  which  to  develop  and  analyze  LES  models  and  simulations.  The  basis  for  this  analysis 
is  an  optimum  LES  formulation  discussed  below. 

Approach 

The  starting  point  for  the  development  of  LES  is  the  definition  of  a  spatial  filter  •,  which 
can  be  applied  to  the  Navier-stokes  equations  to  obtain  an  equation  for  the  filtered  velocity 

duj  _  dujUj  dp  1  d2Uj 
dt  _  dxj  dxi  R edxjdxj 

Where  is  the  sub-grid  model  (force)  term,  which  includes  the  divergence  of  the  sub-grid 
stress  as  well,  as  terms  that  arise  when  the  filter  does  not  commute  with  differentiation.  The 
problem  in  LES  of  course  is  to  model  Mt.  A  very  important  result  of  our  research  (Langford 
&  Moser,  1999)  is  that  an  LES  w  will  match  the  one-time  statistics  of  filtered  turbulence  u 
if  and  only  if  the  model  rrii{w)  of  Mi  is  given  by 

rrii(w)  =  (Mi(u)\u  =  w)  (2) 

This  model  also  minimizes  the  difference  between  Mi  and  m*  (in  the  mean-square  sense), 
and  so  this  model  has  all  the  properties  that  one  could  ask  of  a  sub-grid  model.  We  therefore 
call  it  the  ideal  sub-grid  model. 

Unfortunately,  the  conditional  average  in  (2)  cannot  practically  be  determined,  since  the 
conditions  are  that  the  entire  filtered  velocity  field  match  the  entire  LES  field.  However,  it 
can  be  estimated  using  stochastic  estimation  (Adrian  et  al,  1989)  which  is  a  well-established 
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Figure  1:  The  (a)  3-D  energy  spectrum  and  (b)  third-order  structure  function  for  filtered 

DNS  ( - -),  optimal  linear  LES  ( - )  and  in  (b)  the  unfiltered  DNS  ( - ).  In  (b)  the 

straight  line  indicates  a  slope  of  1 ,  which  is  the  inertial  range  result. 


technique  for  estimating  conditional  averages.  To  perform  stochastic  estimation  one  re¬ 
quires  large  quantities  of  two-point  correlation  data.  For  example,  in  linear  estimation  one 
needs  (uj(x')uk (x"))  and  (Mj(x)fi^(x")). 

It  would  clearly  not  be  useful  if  for  every  flow  in  which  one  was  to  perform  an  LES,  large 
quantities  of  correlation  data  had  to  be  gathered.  Thus  the  approach  taken  in  this  research 
is  to  develop  estimation-based  models  for  a  few  representative  model  problems,  and  to  use 
this  experience  to  devise  new  model  formulations  that  will  be  more  broadly  applicable.  The 
model  flows  being  used  are  isotropic  turbulence,  turbulent  channel  flow  and  a  bluff-body 
wake. 

DNS  is  an  obvious  source  for  the  required  correlation  data,  but  DNS  is  limited  to  low 
Reynolds  number.  On  the  other  hand,  it  is  difficult  to  get  three-dimensional  data  from  phys¬ 
ical  experiments.  To  avoid  these  weaknesses  we  use  both  DNS  data  and  two-dimensional 
experimental  data  from  PIV  (particle  image  velocimetry)  to  extrapolate  the  three-dimensional 
data  to  higher  Reynolds  numbers. 

Isotropic  Turbulence 

Using  direct  numerical  simulations  of  forced  isotropic  turbulence  at  Rex  =  164,  the  cor¬ 
relation  data  required  for  one-point  linear  and  quadratic  estimation  was  gathered  for  three 
Fourier-cutoff  filters.  In  addition,  for  the  coarsest  filter,  a  variety  of  estimation  terms  were 
considered,  these  include  cubic  terms  suggested  by  RNG  analysis  of  Zhou  &  Vahala  (1993), 
and  terms  constructed  to  subsume  Smagorinsky  and  scale-similarity  models  (see  Langford 
&  Moser,  1999  for  details).  An  estimate  was  constructed  using  all  of  these  terms,  which 
included  46  different  terms  in  all. 

The  mean  square  errors  of  these  estimates  were  measured  as  a  function  of  wavenumber  and 
normalized  by  the  magnitude  of  the  sub-grid  term.  These  errors  are  quite  large  (of  order  1), 
suggesting  that  the  estimates  are  rather  poor  approximations  of  the  sub-grid  terms.  There 
is  reason  to  suspect  that  this  is  because  the  irreducible  error  associated  with  (2)  is  large, 
rather  than  it  being  due  to  errors  in  approximating  the  conditional  average.  It  may  thus 
be  that  in  isotropic  turbulence  with  Fourier  cut-off  filters,  the  LES  sub-grid  term  is  largely 
unpredictable,  except  for  the  energy  transfer  (dissipation)  represented  by  the  linear  term. 
This  would  explain  why  simple  eddy  viscosity  models  such  as  Smagorinsky  work  rather 
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Figure  2:  Results  of  analysis  of  the  turbulent  channel  near  the  wall  (y  coordinate  is  in  wall- 
units,  where  the  center  of  the  channel  is  at  y+  =  590).  (a)  The  magnitude  of  the  sub-grid 
term  normalized  by  the  magnitude  of  the  filtered  time-derivative  and  (b)  the  magnitude  of 

the  relative  error  in  estimating  the  sub-grid  term,  with  no  wall-normal  filter  ( - )  and 

Chebychev  filter  ( - ). 


well  in  many  flows,  though  their  correlation  with  the  actual  sub-grid  stress  in  a  priori  tests  is 
poor.  To  further  test  the  validity  of  the  estimation  models,  LES  were  performed  using  both 
the  linear  and  quadratic  estimates.  Results  for  spectra  and  third-order  structure  function  are 
shown  in  figure  1 .  The  results  for  the  LES  are  remarkably  good.  Though  it  is  interesting  to 
note  that  the  third-order  structure  function  of  the  filtered  turbulence  does  not  match  that  of 
the  unfiltered  turbulence,  even  for  large  separation. 

The  isotropic  turbulence  analysis  is  being  extended  to  include  different  filters  and  local 
estimates.  In  particular,  a  formulation  using  a  finite-volume  type  filter  is  being  pursued  to 
obtain  “LES  finite  volume  flux  models.” 

Turbulent  Channel  Flow 

An  analysis  similar  to  that  described  above  is  being  pursued  for  turbulent  channel  flow 
at  friction  Reynolds  number  ReT  —  590,  using  DNS  data  from  Moser,  Kim  &  Mansour 
(1999).  The  filters  used  for  these  studies  include  Fourier  cut-off  filters  in  the  streamwise  and 
spanwise  directions.  In  the  wall-normal  direction  several  filters  have  been  used,  including 
no  filtering,  and  Chebychev  cut-off  filter.  Also,  a  cut-off  filter  defined  in  terms  of  POD 
eigenfunctions  is  currently  being  pursued. 

Preliminary  results  of  this  analysis  are  shown  in  figure  2.  Unlike  the  case  of  isotropic 
turbulence,  near  the  wall,  the  magnitude  of  the  sub-grid  force  term  can  be  as  much  as  70% 
of  that  of  the  filtered  time  derivative  (note  that  we  are  not  counting  the  sharp  peak  near 
the  wall  which  appears  to  be  associated  with  imposition  of  boundary  conditions).  It  is  also 
interesting  that,  except  for  the' peak  near  the  wall,  the  curves  for  the  two  y  filters  shown 
(no-filter  and  Chebychev  filter)  are  essentially  identical.  This  suggests  that  the  effects  of 
commutation  error  are  not  particularly  significant.  Also  shown  in  figure  2  is  the  relative 
error  in  estimating  the  sub-grid  force  term.  Away  from  the  wall,  the  relative  error  is  of 
order  95%  consistent  with  the  isotropic  turbulence  results.  Near  the  wall,  the  relative  error 
is  smaller  (as  small  as  80%),  but  this  does  not  make  up  for  the  relatively  large  error  near 
the  wall.  Thus  the  relative  error  in  estimating  the  time  derivative  will  be  significantly  larger 
near  the  wall  than  away.  The  consequences  of  this  are  not  clear  at  this  time. 
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Bluff  Body  Wakes 

Large  eddy  simulation  of  wake  flows  pose  unique  challenges.  The  wake  as  a  whole  has 
a  wide  range  of  length  and  time  scales,  but  the  dynamics  is  controlled  by  the  thin  shear 
layers  that  separate  from  either  side  of  the  bluff  body.  This  poses  interesting  challenges 
to  accurate  implementation  of  large  eddy  simulation  since  the  dynamically  significant  thin 
shear  layers  must  be  filtered  out,  while  their  effect  on  the  wake  dynamics  must  be  modeled. 
Two  different  model  problems  are  being  pursued  to  develop  optimum  LES  formulations  for 
such  wake  flow  simulations:  1)  optimal  two-dimensional  projections  of  a  flat-plate  wake, 
and  2)  Optimal  LES  formulations  for  a  cylinder  in  a  cross-flow. 

One  can  define  an  LES  filter  to  be  the  average  in  one  spatial  direction  (spanwise  in  this 
case),  and  this  is  appropriate  in  the  case  of  a  bluff  body  wake  since  wakes  are  commonly 
dominated  by  two-dimensional  structures.  Here  the  optimal  estimation  approach  is  applied 
to  such  a  two-dimensional  projection  in  the  flow  over  a  flat  plate  held  normal  to  a  cross-flow 
at  Re  —  250  (based  on  plate  height  and  free-stream  velocity).  The  two-point  correlations 
required  to  perform  the  estimations  were  obtained  from  the  direct  numerical  simulation  of 
(Najjar  &  Balachandar,  1998;  Balachandar,  Mittal  &  Najjar,  1997).  The  formulation  used 
here  differs  from  (1),  in  that  the  vorticity  equation  is  used,  and  the  sub-grid  torque,  rather 
than  sub-rid  force  is  modeled. 

Some  important  outcomes  of  this  investigation  include:  1)  The  contribution  of  the  sub-grid 
torque  to  the  two-dimensional  dynamics  is  significant.  2)  A  gradient  diffusion  model  is 
inadequate  for  predicting  the  dynamics  of  the  two-dimensional  projection.  3)  For  inhomo¬ 
geneous  flows,  limited  statistical  sample  introduces  difficulties,  which  have  been  addressed 
using  a  novel  eigen  projection  technique.  4)  The  best  closure  results  in  large  errors  (about 
60%),  consistent  with  the  isotropic  turbulence  and  channel  results.  5)  The  improvement  of 
the  quadratic  closure  over  the  linear  closure  is  not  significant. 

In  the  case  of  cylinder  in  a  cross  flow,  a  spectrally  accurate  code  is  being  used  to  perform 
DNS  to  obtain  the  necessary  correlations  for  optimal  estimation.  Simulations  have  been 
performed  for  a  reasonably  high  Reynolds  number  of  1500.  Particular  care  is  being  taken 
to  assure  that  all  features  of  the  attached  boundary  layer,  the  separated  shear  layers  and 
the  wake  are  adequately  resolved.  We  plan  to  collect  data  spanning  10  or  more  shedding 
cycles  based  on  which  the  requisite  two-point  correlations  will  be  computed.  Subsequently 
we  plan  to  employ  the  optimal  closure  procedure  to  develop  optimal  filters  and  sub-grid 
models  suitable  for  the  wake  flow  simulation. 

High  Reynolds  Number  Correlations 


The  correlations  obtained  from  DNS  of  wall-bounded  flows  are  limited  to  low  Reynolds 
number,  but  they  are  needed  at  high  Reynolds  number.  To  address  this  problem,  we  look  for 
general  scaling  properties  in  the  space-time  correlations  of  wall  turbulence,  so  that  results 
of  low  Reynolds  number  DNS  can  be  extended  to  higher  Reynolds  number.  We  have  taken 
a  two-pronged  approach  to  this  problem,  one  based  on  developing  deeper  physical  insight 
into  the  structure  of  turbulent  eddies  using  DNS  of  special  eddy  systems,  and  the  other 
based  on  experiments  that  allow  us  to  obtain  data  on  the  space  time  correlations  beyond  the 
Reynolds  numbers  attainable  via  DNS. 

In  scaling  the  two-point  correlations  of  wall-bounded  flows,  the  unexplained  long  tail  in 
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Figure  3:  Hairpin  packet  that  evolves  out  of  a  lightly  noisy  initial  hairpin. 


the  streamwise  correlation  function  of  the  streamwise  velocity,  first  observed  by  Townsend 
(1958)  and  Grant  (1958).  Recent  experimental  results  by  Meinhart  &  Adrian  (1995)  sug¬ 
gest  that  the  long  correlation  is  associated  with  the  streamwise  alignment  of  hairpin-like 
eddies.  The  scaling  of  the  small  eddies  and  the  scaling  of  the  length  of  the  packet  (i.e.  the 
length  of  the  long  correlation  tail)  differ.  This  sort  of  mixed  scaling  is  difficult  to  untangle 
without  a  physical  model  for  guidance.  Hence  the  thrust  towards  understanding  the  eddy 
structure  that  underlies  the  structure  of  the  correlation  functions. 

In  previous  work,  Zhou,  et  al  (1999)  showed  how  one  hairpin  eddy  of  sufficient  strength  in 
a  clean,  non-turbulent  background  flow  field  could  generate  a  long  packet.  It  was  the  cause 
of  some  concern  that  these  packets  had  not  been  observed  in  DNS,  so  an  effort  was  initiated 
to  search  for  them  in  a  ReT  =  300  channel  DNS,  using  the  tools  of  Zhou  et  al.  Indeed, 
many  hairpin  packets  were  found,  but  they  contained  many  short,  convoluted  segments 
of  vortices,  unlike  the  ideal  vortices  simulated  by  Zhou  et  al.  However,  by  adding  low- 
amplitude  noise  to  the  initial  eddy  in  a  simulation  like  that  of  Zhou  et  al,  the  field  shown 
in  figure  3  results.  It  contains  a  hairpin  packet  with  many  convoluted  eddy  segments,  much 
like  those  in  the  fully  turbulent  channel  flow.  This  is  all  further  evidence  that  hairpin  packets 
are  an  important  feature  of  near-wall  turbulence. 

To  allow  direct  comparison  with  results  of  channel  flow  DNS.  a  channel  flow  facility  has 
been  constructed  using  air  flow.  It  is  2in  high,  24in  wide,  and  216in  long,  with  glass  win¬ 
dows  to  allow  access  for  PIV  and  LDV  measurements.  The  tunnel  is  capable  of  matching 
precisely  the  Reynolds  numbers  of  the  available  DNS  (ReT  =  150,  to  590),  and  its  highest 
Reynolds  number,  Rer  =  1800,  gives  us  a  12:1  range  over  which  we  can  test  scaling.  To 
obtain  the  best  possible  spatial  resolution,  we  use  super-resolution  software  that  gives  1 0 
times  more  vectors  and  about  3  times  better  linear  resolution  than  standard  interrogation 
techniques.  This  yields  a  resolution  of  30/xm  =  2  viscous  length  scales  or  one  Kolmogorov 
scale. 

The  channel  flow  apparatus  is  instrumented  with  a  2  camera  TSI  PIV  system  capable  of 
taking  sequential  velocity  fields  with  time  delay  less  than  50/xs.  This  system  is  being  used 
to  measure  the  space-time  correlation  for  small  time  delays  and  long  time  delays. 
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Abstract 

This  study  tested  the  capability  of  MEMS  (micro-electro-mechanical-systems)  based 
mechanical  actuators  to  introduce  jet  instabilities  at  supersonic  speeds.  The  eventual 
application  is  the  control  of  jet  screech.  A  MEMS  device  can  provide  a  very  localized 
perturbation  into  a  flow.  As  such,  an  array  of  MEMS  devices  has  the  possibility  of 
providing  complicated  forcing  for  fluid  control  applications.  In  the  jet  application  the 
actuator-  forces  the  initial  shear  layer  at  the  edge  of  the  jet  promoting  a  linear  rollup 
instability.  In  the  full  configuration,  up  to  sixteen  actuators  are  used  to  force  either  an 
axisymmetric  or  helical  mode  of  jet  instability. 

Another  important  question  is  whether  the  actuators  are  rugged  enough  to  survive  the 
flow  conditions.  An  actuator  redesign  was  attempted.  The  previous  work  focused  on  the 
design  of  the  actuators  and  demonstrating  the  effectiveness  of  a  single  actuator.  These 
results  will  also  be  summarized  here.  The  actuators  were  capable  of  introducing 
disturbances  of  sizeable  amplitude.  The  actuator  positioning  was  found  to  be  most 
important  in  optimizing  the  fluid  response.  Control  experiments  using  the  actuator  array 
were  less  successful.  The  natural  resonant  frequency  of  the  individual  actuators  varied 
slightly,  due  to  their  manufacturing  tolerance  and  it  was  only  possible  to  hold  all  the 
actuators  in  phase  for  a  limited  number  of  cycles  (  0(10)).  The  forcing  over  this  limited 
time  was  not  sufficient  to  provide  a  reasonable  fluid  response.  Therefore,  even  with  laser 
trimming  of  actuators,  the  current  MEMS  manufacturing  technique  does  not  produce 
sufficiently  identical  devices. 

An  extensive  amount  of  work  was  also  focused  on  associated  MEMS  sensors.  That  work 
is  documented  in  the  listed  publications. 

MEMS  Devices 

The  actuators,  shown  in  Figure  1,  are  driven  by  capacitive  combs  which  produce  a  linear 
oscillatory  motion.  The  element  that  moves  in  the  flow  is  the  ‘  T  shapes  structure  at  the 
end  of  the  device.  In  the  jet  implementation,  the  actuator  moves  normal  to  the  flow  path 
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and  is  placed  near  the  edge  of  the  jet  nozzle.  The  modified  design  provided  a  thicker  and 
stiffer  overall  mechanism  where  the  “T”  structure  is  reinforced  with  cross  supports.  The 
modified  design  was  found  to  be  more  prone  to  cessation  under  high  speed  conditions. 

The  majority  of  experiments  were  run  at  Ma  =  0.2,  0.4,  and  0.6.  The  actuators  were 
found  to  be  sufficiently  resilient  to  operate  up  to  supersonic  speeds,  but  considering  the 
complexity  of  the  actuator  array  as  a  whole,  extensive  experiments  were  not  carried  out 
in  the  range  of  jet  screech. 


Figure  1:  Magnified  images  of  the  two  actuators.  The  earlier  design  on  the  left  with  the 
actuator  on  the  bottom  and  the  later  design  on  the  right  with  the  supported  actuator  in  the 
top. 


Results 

The  actuators  were  shown  to  be  effective  in  introducing  a  disturbance  into  the  shear 
layer.  Figure  2  shows  the  power  spectral  density  at  several  locations  downstream.  A 
hotwire  measures  the  velocity.  At  each  downstream  location  the  jet’s  shear  layer  was 
traversed  radially  and  the  point  of  maximum  disturbance  amplitude  was  recorded.  In  this 
case  the  forcing  frequency  is  matched  to  the  most  unstable  mode  of  the  shear  layer.  The 
flow  responds  at  the  forcing  frequency  and  its  first  harmonic. 

The  higher  speed  jet  flows  also  showed  response  of  sizeable  amplitude,  Figure  3.  In  all 
cases  (Ma  =  0.2,  0.4,  0.6  &  0.5  <  x/A  <  1.2,  A  is  the  wavelength  of  the  perturbation)  the 
dominant  frequencies  were  the  forcing  frequency  and  its  associated  harmonics.  In  the 
cases  where  the  forcing  was  away  from  the  most  amplified  mode,  the  total  disturbance 
energy  is  less  but  development  is  still  evident.  In  more  recent  measurements,  a  region  of 
exponential  growth  was  found  nearer  to  the  actuator.  When  the  disturbance  reaches  one 
wavelength  the  amplitude  has  saturated. 

The  fluid  response  is  very  sensitive  to  the  actuator  positioning  in  both  frequency  (in  some 
instances  the  higher  harmonics  are  not  evident)  and  amplitude  as  shown  in  Figure  4.  The 
optimum  forcing  was  with  the  actuator  within  the  shear  layer  one  momentum  thickness 
from  the  wall  with  a  total  peak  to  peak  oscillation  of  half  of  the  momentum  thickness 
about  that  point.  It  was  not  possible  to  vary  the  amplitude.  The  actuator  could  be 
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positioned  within  half  a  momentum  thickness  and  still  have  a  reasonable  effect  on  the 
flow. 


Figure  2:  Power  spectral  density  of  the  velocity  as  a  function  of  downstream  position, 
Ma  =  0.2,  single  14  kHertz  actuator  (f*  =  0.014). 


Figure  3:  Disturbance  level  induced  by  one  14  kHertz  actuator. 

The  main  goal  was  to  force  with  multiple  actuators  in  either  an  axisymmetric  or  a  number 
of  helical  modes.  Each  actuator  had  a  different  resonant  frequency.  Each  was  then 
started  with  a  different  phase  offset  in  order  for  the  array  to  be  in  the  desired  phase  when 
the  data  is  collected.  The  correct  phase  could  only  be  held  for  a  few  cycles,  about  20 
with  a  maximum  phase  error  of  60°,  and  then  the  array  would  lose  its  coherence.  During 
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the  time  the  array  was  in  phase  the  data  was  collected.  A  plot  of  the  total  amplitude  of 
the  induced  disturbance  is  plotted  in  Figure  5.  In  addition,  the  generated  disturbance 
downstream  of  a  solo  operating  actuator  is  also  shown.  The  array  was  found  to  be  less 
effective  in  generating  the  disturbance.  Two  explanations  are  possible.  First,  the 
difficulty  in  positioning  the  array  and  running  each  actuator  could  induce  enough 
incoherence  to  reduce  the  overall  effectiveness.  Second,  the  limited  number  of  cycles 
may  not  be  enough  to  provide  an  effective  forcing. 


f*  0n/U. 


Figure  4:  Power  spectral  density  of  the  velocity  as  a  function  of  actuator  positioning,  Ma 
=  0.2,  single  14  kHertz  actuator  (f*  =  0.014),  y  =  0  indicates  the  actuator  is  in  the  shear 
layer  throughout  its  motion. 


Figure  5:  Measure  of  disturbance  level  under  different  forcing  conditions. 
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Conclusions 

The  MEMS  systems  have  a  good  potential  as  actuators  due  to  their  small  size  and 
mechanical  effect,  but  difficulties  still  exist.  The  actuators  are  capable  of  introducing 
very  large  perturbations  into  the  flow.  They  are  also  robust  enough  to  survive  in  the 
supersonic  range.  Unfortunately,  there  exists  variability  in  the  resonant  frequency  from 
device  to  device  due  to  the  limitations  of  the  current  MEMS  manufacturing  technique. 
When  combined  in  an  array  the  net  effect  was  less  than  anticipated. 
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Abstract 

The  present  work  investigates  in  detail  an  external  zero  pressure  gradient  turbulent 
boundary  layer  at  relatively  large  Reynolds  numbers.  There  has  recently  been  some 
debate  as  to  the  behavior  of  the  mean  velocity  including  questions  regarding  the  ap¬ 
propriate  scaling  and  existence  of  an  asymptotic  state  at  high  Reynolds  numbers  ’  ’  ’  . 
The  essential  question  is  whether  it  is  sufficient  to  describe  the  boundary  layer  clas¬ 
sically  with  an  inner  scale  (law  of  the  wall)  and  an  outer  scale  (deficit  profile)  which 
overlap  in  some  intermediate  region.  The  scale  and  form  of  the  overlap  is  important 
if  the  current  understanding  is  to  be  extrapolated  to  Reynolds  numbers  of  practical 
application.  Furthermore,  a  detailed  understanding  of  this  flow  can  lead  to  better 
descriptions  of  more  complex  turbulent  boundary  layers. 

Introduction 

In  the  classical  description,  the  size  of  the  boundary  layer  provides  an  outer  length 
scale  for  the  flow  while  the  turbulence  is  determined  by  a  length  scale  dependent 
on  the  Reynolds  number  and  related  directly  to  the  skin  friction.  This  description 
characterizes  the  inner  behavior  by  the  law  of  the  wall  in  wall  units, 


The  outer  behavior  is  provided  by  a  deficit  law  and  a  scale  based  on  a  measure  of  the 
boundary  layer  thickness,  _ 

Uoo~~  =  f(  I).  (2) 

ur  \oJ 

Matching  leads  to  a  hypothesized  log  dependence,  log  law,  in  the  overlap  region, 


This  current  work  directly  tests  this  analysis  in  two  different  experiments. 

Boundary  layer  profiles  were  measured  on  a  cylinder  model  at  the  Illinois  Institute  of 
Technology  (IIT)  by  Hites5  These  data  are  supplemented  by  recent  direct  measure¬ 
ments  of  the  skin  friction  used  to  determine  the  inner  scale.  In  addition,  an  identical 
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set  of  data  was  collected  on  a  flat  plate  at  the  Royal  Institute  of  Technology  at  Stock¬ 
holm  (KTH)  by  Osterlund6.  These  data  are  used  to  provide  a  detailed  evaluation  of 
the  log  law.  In  both  cases,  the  experimental  range  is  4,100  <  Reg  <  24,000. 

Results 

A  direct  measurement  of  the  skin  friction  in  necessary  to  objectively  scale  the  mean 
data.  To  make  this  measurement  two  methods  are  applied  and  compared.  The  first 
method  uses  the  transient  development  of  a  small  oil  droplet  on  the  wall  surface 
to  measure  the  stress  applied  to  it  by  the  boundary  layer7.  This  method  has  been 
calibrated  in  the  shear  channel  facility  at  IIT  and  found  to  be  accurate  to  3%.  The 
second  method  fits  the  experimental  mean  velocity  measurement  near  the  wall  to  the 
law  of  the  wall.  This  has  typically  been  done  for  measurements  below  ij+  of  5  where 
u+  is  linear  with  y+.  But  in  the  current  application  it  is  physically  not  possible  to 
make  an  accurate  measurement  that  close  to  the  wall,  so  the  experimental  data  in 
the  range  6  <  y+  <  20  is  fitted  to  the  law  of  the  wall  as  determined  by  lower  Re  DNS 
simulations.  A  turbulent  Couette  simulation  is  found  to  be  the  best  fit  since  it  best 
approximates  a  uniform  shear  stress  in  this  range  of  the  profile8’9. 


Figure  1:  Skin  friction  coefficient. 

The  resulting  data  for  the  skin  friction  coefficient  is  shown  in  Figure  1.  There  is 
excellent  agreement  between  the  fitting  method  shown  in  small  symbols  and  the 
oil  method  shown  in  larger  symbols.  In  addition,  there  is  also  excellent  agreement 
between  the  two  experiments,  IIT  and  KTH  which  use  a  axisymmetric  model  and  a 
flat  plate  respectively.  For  the  purpose  of  scaling  the  u  data,  only  the  skin  friction 
coefficient  derived  from  the  oil  film  is  used. 

The  mean  data  using  the  inner  and  outer  scaling  is  shown  in  Figure  2.  In  both 
experiments  and  in  both  cases  the  measured  shear  stress  is  very  good  at  scaling  the 
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data.  The  resulting  friction  velocity  is  found  to  be  very  close  to  the  friction  velocity 
determined  by  the  Clauser  method  in  the  previous  work10. 


Figure  2:  Mean  velocity  profiles  at  both  facilities:  KTH,  solid  lines;  IIT,  dashed  lines. 
The  inner  scaling  uses  uT  determined  from  the  oil  film  measurements  and  the  outer 
scale  uses  U  =  0.99£/oo. 


A  more  detailed  analysis  is  attempted  on  the  KTH  data  to  determine  the  applicability 
of  a  log  profile  in  the  overlap  region.  A  diagnostic  function  is  defined, 


(4) 


which  should  be  constant  in  a  region  of  log  dependence,  Figure  3. 


Figure  3:  Diagnostic  function.  The  function  is  presented  on  both  an  inner  and  outer 
scale  and  includes  all  the  experimental  cases.  The  inner  scaled  data  truncates  the 
outer  region  and  the  outer  data  truncates  the  inner  region. 

In  terms  of  the  inner  scaling,  the  data  asymptotes  to  the  log  behavior  at  y+  ~  200 
and  in  the  outer  scaling  the  data  fits  below  y/5  <  0.15.  Using  this  range  the  values 
of  the  von  Karman  coefficient,  k,  and  B  are  found  to  be  0.38  and  4.1.  These  differ 
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slightly  from  commonly  accepted  values  which  are  based  on  the  range  y+  >  50  to 
y/5  <  0.1.  The  evaluation  of  K  over  the  range  of  experiments  at  both  facilities  shows 
no  significant  Reynolds  number  dependence  if  the  new  range  is  used  and  a  significant 
dependence  if  the  traditional  range  is  used,  Figure  4.  This  result  is  significant  for 
two  reasons.  First,  it  shows  agreement  with  traditional  values  if  only  low  Reynolds 
number  data  are  considered.  Second,  it  shows  the  sensitivity  that  can  be  derived  from 
the  choice  of  the  range  and  the  difficulty  in  extrapolating  the  data  to  high  Reynolds 
numbers.  Considering  the  new  range,  a  true  overlap  region  does  not  develop  until  the 
Reynolds  number  exceeds  6000.  In  a  similar  analysis,  a  power  law  has  been  applied 
and  shown  less  appropriate8. 


Figure  4:  Value  of  the  von  Karman  coefficient  determined  from  a  least  squares  fit 
using  data  from  y+  in  the  traditional  range,  open  symbols,  and  the  new  range,  closed 
symbols,  IIT  data  squares,  KTH  data  circles,  lines  represent  fits  to  each  set  of  data. 

A  similar  argument  can  be  made  considering  the  spectral  data  at  different  positions 
in  the  boundary  layer,  Figure  5.  Above  y+  of  200  the  spectra  is  dominated  by  low  fre¬ 
quencies  connected  to  fluctuations  that  scale  with  the  outer  layer.  For  20  <  y+  <  200 
a  bimodal  distribution  exists  in  both  experiments  here  and  in  previous  work11.  And 
at  y+  <  20  the  high  frequencies  are  more  evident.  It  has  been  shown  that  this  type  of 
distribution  can  be  constructed  from  representative  eddies  which  represent  wall  effects 
and  wake  effects4.  It  is  interesting  to  note  that  the  low  frequency  contribution  at  near 
wall  locations  only  develops  for  large  Reynolds  numbers,  beyond  the  suggested  6000. 
It  could  therefore  be  argued  that  the  nature  of  the  boundary  layer  requires  sufficient 
influence  of  wake  effects  into  the  near  wall  region  before  a  reasonable  log  overlap  can 
be  achieved. 
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Figure  5:  Outer  scaled  power  spectral  density,  left  at  y/5  =  0.0093,  inner  range  and 
right  with  y/S  =  0.12,  outer  range.  Low  Reynolds  number,  dash-dot  line,  intermediate 
Reynolds  number,  solid,  and  high  Reynolds  number,  dashed. 


Conclusions 

High  Reynolds  number  turbulent  boundary  layers  experiments  have  shown  a  log  re¬ 
lationship  in  the  overlap  region.  This  region  has  been  determined  to  be  in  the  range 
200  <  y+  <  0. 15<5+  which  only  exists  for  Reg  >  6000.  New  values  of  the  coefficients, 
k  =  0.38  and  B  —  4.1,  have  been  determined  and  found  to  be  constant  of  the  range  of 
Reynolds  number  examined.  Consistency  between  two  boundary  layer  experiments, 
a  flat  plate  boundary  layer  and  an  axisymmetric  boundary  layer  with  a  large  radius 
of  curvature,  has  been  shown. 
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Abstract 

A  research  program  is  pursued  to  use  the  emerging  technology  of  micro-electro-mechanical- 
systems  (MEMS)  in  gas  turbine  engines.  In  particular,  MEMS-based  microvalves  are  employed 
in  a  scheme  by  which  they  can  control  precisely  the  amount  of  blowing  air  used  to  energize  the 
low  velocity  wake  coming  off  stationary  blades.  This  low  velocity  fluid,  which  causes  unsteady 
loading  of  the  downstream  rotating  blade  row,  has  been  shown  in  the  past  to  be  a  major 
contributor  of  high-cycle-fatigue  (HCF)  of  compressor  blades.  The  use  of  trailing  edge  blowing 
(TEB)  will  reduce  the  vibration  of  the  downstream  blade  row.  The  use  of  MEMBS-based 
microvalves  and  active  control  to  individually  adjust  the  flow  rate  of  each  trailing  edge  blowing 
hole  has  the  potential  to  significantly  reduce  the  unsteady  blade  loading,  thus  reducing  the  high- 
cycle-fatigue  of  engine  components. 

The  main  objective  of  this  research  effort  is  to  experimentally  demonstrate  on  realistic 
environments  the  potential  of  the  active  flow  control  system  to  re-energize  the  wakes  to  improve 
the  HCF  life  and  reduce  the  radiated  noise  from  turbofan  engines.  Additional  goals  are  to 
develop  and  integrate  the  necessary  technologies,  such  as  MEMS-based  actuators,  sensors, 
control  concepts,  algorithms  and  so  forth,  for  the  transition  of  the  trailing  edge  blowing  approach 
to  practical  system. 

Background 

The  High-cycle-fatigue  (HCF)  of  compressor  components  is  due  to  blade  vibration  and  the 
accumulated  damage  of  the  fatigue  stress  cycle.  One  major  source  of  such  fatigue  stress  cycles 
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is  the  forced  response  of  the  blade  from  unsteady  aerodynamic  excitation.  In  particular,  the 
unsteady  effect  on  the  rotor  blade  loading  due  to  the  movement  of  the  rotor  through  disturbances 
from  the  stationary  wake  of  an  upstream  stator  or  inlet  guide  vane  (IGV)  had  been  shown  to  have 
a  major  effect  on  the  HCF  of  compressor  blades.  In  addition  to  HCF  damage  for  core 
compressors,  in  military  engines,  the  disturbance  generated  by  the  IGV  has  also  been  proven  to 
be  especially  damaging  in  terms  of  HCF  for  the  first  stage  fan  rotor. 

This  research  program  uses  trailing  edge  blowing  for  wake-filling  to  minimize  disturbances  seen 
by  the  downstream  rotor  blades.  Because  the  flow  is  3D  and  non-uniform  along  the  blade  span, 
the  amount  of  T.E.  blowing  air  must  be  carefully  tailored,  from  the  hub  to  the  tip  on  the  stator 
blade,  to  achieve  the  desired  effect  of  minimizing  the  stator  wake  velocity  defect  along  the  entire 
blade’ span.  To  accomplish  this,  MEMS-based  micro-valves  are  used  to  control  the  blowing  of 
each  individual  hole  at  the  trailing  edge.  Flow  and  acoustic  measurements  are  used  as  error 
information  to  the  control  system. 


The  undertaken  experimental  efforts  are  being  performed  on  three  unique  experimental  facilities. 
The  first  facility  consists  of  a  small  high-speed  turbo  fan  simulator,  which  is  used  to  test  active 
flow  control  concepts.  The  second  setup  is  a  turbofan  engine  experiment,  which  is  used  to  study 
trailing  edge  blowing  (TEB)  in  a  realistic  environment.  The  third  facility  is  a  high  speed  single 
stage  compressor  at  the  Wright  Laboratory,  which  will  be  used  to  investigate  the  effect  of  the 
TEB  on  the  blade  HCF  life.  The  work  carried  out  in  these  facilities  is  described  below. 


Simulator  Setup:  Active  Control  of  Wake  Filling  Using  Microphone  Error  Sensorg 
The  active  flow  control  experiments  were  performed  in  the  high-speed  turbofan  simulator  shown 
in  Figure  la.  A  bellmouth  was  used  at  the  inlet  entrance  to  eliminate  lip  separation.  Figure  la 
shows  the  four  upstream  stator  blades  implemented  with  trailing  edge  blowing.  Figure  lb  shows 
a  single  strut  with  six  orifices  along  its  span.  The  blowing  from  each  hole  is  adjusted  by  a 
MEMS-based  microvalve.  The  controller  adjusts  the  voltage  to  the  microvalves  based  on  error 
sensors  to  optimize  the  filling  of  the  wakes  as  the  flow  condition  changes  in  an  engine. 


Microphone 

Figure  1 :  (a)  High-speed  turbo  fan  simulator  with  four  struts  used  in  active  flow  control 

experiments  and  (b)  strut  with  TEB. 
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The  first  set  of  experiments  consisted  of  using  as  error  signal  the  differences  between  a  Pitot- 
Static  probe  measuring  the  free  stream  flow  and  Pitot-Static  probes  measuring  the  wake 
velocities.  The  results  from  these  experiments  were  presented  at  the  August  1998  review  in 
Annapolis,  Maryland.  In  these  experiments,  the  advantages  of  using  active  flow  control  to 
optimize  the  wake  filling  was  demonstrated.  Monitoring  of  the  far-field  radiation  showed  noise 
reduction  of  up  to  9.8  dB  at  the  blade-passage-frequency  (BPF)  tone.  However,  the  sound  power 
level  is  probably  a  better  metric  to  determine  the  effect  the  TEB  has  on  the  unsteady  interaction. 
The  reduction  in  sound  power  level  was  4.4  dB. 


The  above  experimental  tests  in  the  simulator  demonstrated  the  potential  of  using  active  control 
for  optimum  re-energizing  of  the  wakes.  The  use  of  Pitot  probes  positioned  in  the  flow  has  the 
advantage  of  providing  to  the  controller  information  directly  related  to  the  flow  velocity  deficit. 
The  drawback  of  this  sensing  is  that  it  is  an  intrusive  sensor  that  generates  wakes  in  itself.  Thus, 
one  of  the  key  tasks  undertaken  was  to  develop  non-intrusive  sensing  strategies.  The  approach 
pursued  here  was  to  use  acoustics  measurements  to  infer  the  filling  of  the  wakes.  The  velocity 
deficit  produced  by  the  strut  results  in  noise  due  to  the  strut-rotor  interaction  effect.  Thus,  the  re¬ 
energizing  of  the  wake  will  lead  to  noise  reduction  due  to  the  elimination  of  the  strut-rotor 
interaction.  The  acoustic  sensing  approach  consisted  of  placing  microphones  flush  mounted  on 
the  casing  of  the  simulator  in  between  each  strut  and  the  rotor,  i.e.  four  microphones.  One  of  the 
flush- mo  unted  microphones  can  be  seen  in  Figure  1.  The  microphones  will  sense  the  acoustic 
signature  as  the  blades  pass  and  cut  the  wake  from  the  strut  generating  strong  tonal  components 
at  the  BPF  and  its  harmonics.  Minimizing  the  signals  from  the  microphones  will  result  in  the 
optimum  re-energizing  of  the  wakes.  It  is  important  to  remark  that  the  noise  will  not  be  driven  to 
zero  because  the  strut-rotor  interaction  is  not  the  only  noise  source  at  the  BPF  tone  and 
harmonics.  The  other  noise  sources  are  the  rotor-rotor  and  the  rotor-EGV  (exit  guide  vane) 
interaction,  which  are  probably  unaffected  by  the  strut  wakes.  The  noise  from  the  strut-rotor 
interaction  is  the  most  dominant  source. 


The  implementation  of  the  acoustic  sensing  strategy  required  some  unique  sensing  signal 
processing.  The  radiated  noise  spectrum  from  the  inlet  consists  of  a  set  of  dominant  tones  and  a 
broadband  component.  The  tonal  components  at  the  BPF  and  harmonics  are  due  to  the  strut-rotor 

interaction,  i.e.  noise  due  to  the  wakes. 


Thus,  the  BPF  tone  was  selected  as  the  error 
component  to  be  used  in  the  active  flow 
control  system.  To  this  end,  a  novel  notch 
filter  device  was  developed  and  tested  to 
adaptively  capture  the  BPF  tone  component 
from  the  total  acoustic  signature  (See  patent 
disclosure  below).  Figure  2  shows  the 
spectrum  of  the  original  microphone  signal 
and  the  signal  after  being  filtered  by  the 
adaptive  notch  filter. 


Figure  2:  Acoustic  spectrum  from  an  inlet  mounted  error  sensor  microphone  before  and  after 

novel  adaptive  notch  filter. 
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The  results  from  the  active  flow  control  of  the  wakes  using  acoustic  sensing  are  presented  in 
Figures  3  and  4.  Figure  3  shows  the  root-mean-square  time  history  of  the  BPF  tone  during  the 
adaptation  process  as  well  as  the  control  signal  driving  the  microvalves.  The  error  tune  history 
clearly  show  the  significant  variability  of  the  power  of  the  tone,  which  is  typically  observed  in 
turbofan  engines.  It  is  clear  that  the  control  system  was  effective  in  reducing  the  error  signals  by 
about  6  dB.  The  reduction  of  the  BPF  tone  radiated  by  the  inlet  noise  is  shown  in  Figure  4.  This 
figure  shows  the  radiation  directivity  with  and  without  control  of  the  wakes.  The  far- field  noise 
was  reduced  over  the  10°  to  80°  sector  with  reduction  of  up  to  8  dB.  The  sound  power  level  was 
reduced  by  4.9  dB,  which  is  similar  to  the  power  reduction  of  4.4  dB  using  Pitot  probe  as  error 
sensors.  These  results  demonstrate  the  effectiveness  and  potential  of  this  non-intrusive  acoustic 
sensing  strategy  for  active  TEB. 


Figure  3:  Error  (BPF  tone  power)  and  control 
signal  time  histories. 


Figure  4:  Radiation  directivity  with  and 
without  active  TEB  (BPF  =  9  kHz). 


Wake  Filling  Experiments  on  a  Turbo  fan  Engine 

The  simulator  is  an  excellent  test  bed  to  efficiently  evaluate,  in  terms  of  cost  and  time,  concepts 
for  wake  management.  However,  this  setup  is  not  realistic  in  terms  of  the  characteristics  of  the 
wakes,  e.g.  scaling  of  the  simulator  to  the  dimensions  of  a  real  engine  yields  wakes  that  are 
substantially  larger  than  the  ones  produced  by  typical  IGVs.  Thus,  wake  management 
experiments  on  an  AlliedSignal  FI 09  turbofan  engine  have  been  performed  to  address  the 
potential  of  the  TEB  technique  on  a  more  realistic  environment.  Figure  5  shows  the  engine  inlet 
with  a  single  non-turning  IGV.  The  wake  was  mapped  using  time  average  Pitot-static  probe 
measurements  (see  figure  5).  The  wake  with  and  without  blowing  at  50%  of  the  strut  span  is 
shown  in  Figure  6.  In  this  figure,  it  is  clear  that  the  wake  was  successfully  re-energized.  It  is 
important  to  remark  that  the  wake  produced  by  IGV  is  typical,  both  in  depth  and  width,  of  real 
engines.  A  critical  issue  for  the  implementation  of  this  TEB  technique  is  the  air  mass  needed  for 
wake  management.  Measurement  of  the  mass  flow  demonstrated  that  only  0.03%  of  the  total 
engine  mass  flow  is  used  to  re-energize  the  wake  of  the  IGV  tested.  This  demonstrated  the 
potential  for  bleeding  air  from  the  engine  compressor  to  supply  the  TEB  system  without 
degrading  the  performance  of  the  engine. 
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Figure  5:  AlliedSignal  FI 09  turbofan 
engine  and  single  IGV  with  TEB. 


Figure  6:  Normalized  axial  flow  velocity 
variation  with  and  without  TEB 
(Blade  thickness  t  =  1 1 .4mm). 


Wake  Filling-Rotor  Strain  Measurement  Experiments 

The  previous  research  tasks  addressed  critical  issues  for  the  practical  implementation  of  the 
active  TEB  technique.  Both  flow  and  acoustic  sensors  have  been  used  to  provide  the  control 
system  information  on  the  filling  of  the  wake.  However,  the  main  goal  of  the  technique  is  to 
reduce  the  HCF  damage  due  to  the  wake  induced  unsteady  forcing  function  on  the  blades.  Thus, 
experiments  are  planned  for  this  Fall  to  monitor  the  strain  on  the  blades  of  a  compressor  with  and 
without  TEB.  The  facility  for  these  experiments  is  the  high-speed  compressor  at  the  Wright 
Laboratory  in  the  Compressor  Aero  Research  Lab  (CARL).  These  measurements  will  provide 
fundamental  information  about  the  impact  on  the  strain,  and  thus  on  the  HCF,  of  the  wake  filling. 
Experiments  will  be  performed  to  investigate:  the  effect  of  various  percentages  of  wake  fillings 
(i.e.  from  partially  to  fully  re-energized  wakes),  the  effect  of  filling  only  part  of  the  wake  along 
the  IGV  span  (i.e.  filling  of  the  wake  near  the  outer  casing  as  compared  to  the  full  span),  and  the 
effect  on  the  noise  generated  to  allow  improvements  of  the  acoustic  sensing  approach. 


Technology  Transitions 

Extensive  interaction  between  the  Virginia  Tech  team  and  personnel  at  the  Wright  Laboratory  in 
the  Compressor  Aero  Research  Lab  (CARL)  was  held  to  coordinate  the  rotor  strain  measurement 
effort.  Numerous  technical  discussions  were  held  with  Dr.  Copenhaver  of  the  CARL  to  define 
the  experiments  to  be  performed.  These  experiments  are  scheduled  to  take  place  during  this  Fall. 

Future  Plans 

The  research  effort  will  continue  in  all  three  tasks  described  above.  In  the  simulator  experiments, 
the  effort  will  focus  on  improving  the  acoustic  sensing  and  development  of  the  control  algorithm 
tailored  to  this  application.  The  main  goal  is  to  further  improve  the  time  response  of  the  control 
system.  Experiments  on  the  turbofan  engine  will  continue  to  complete  the  unsteady 
measurements.  Studies  for  various  strut-to-rotor  spacing  will  be  carried  out.  In  the  last  research 
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task,  the  experiments  on  the  high-speed  compressor  at  CARL  will  be  undertaken  this  Fall. 
Simultaneous  measurements  of  strain,  flow,  and  acoustic  signals  will  be  performed.  The  work 
will  then  proceed  to  reduce,  analyze,  and  relate  wake  filling  to  HCF  damage. 
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Abstract 

A  research  program  is  continued  to  study  the  effects  of  steady  and  unsteady  shock 
impingement  on  the  film  cooling  heat  transfer  in  transonic  turbine  blades.  Fundamental 
physical  understanding  is  gained  of  how  these  unsteady  phenomena  affect  the  heat 
transfer  with  and  without  film  cooling.  Thermal  and  aerodynamic  conditions  are  set  to 
simulate  engine  conditions.  The  experimental  program  is  being  conducted  in  the  Virginia 
Tech  heated,  transonic  turbine  cascade  wind  tunnel.  A  shock  wave  is  generated  in  a  shock 
tube  and  passes  into  the  cascade  upstream  of  the  blade  row  to  simulate  the  interaction  of  a 
shock  emerging  from  the  trailing  edge  of  an  upstream  nozzle  guide  vane  on  the 
downstream  rotating  blade  row.  The  rotor  blade  geometry  and  film  cooling  hole  pattern 
were  designed  by  GE  Aircraft  Engines. 

Progress 

A  fully  instrumented  blade  was  completed,  accommodating  six  Vat  ell  HFM-7/L  Heat 
Flux  Microsensors,  six  high  speed  Kulite  Pressure  Transducers  and  six  surface 
thermocouples.  A  schematic  view  of  this  blade  is  shown  in  Figure  1. 

The  steady-state  values  of  Heat  Transfer  Coefficient  and  Film  Cooling  Effectiveness 
were  determined  for  all  six  measurement  locations  in  an  experiment  using  heat 
exchangers  to  heat  the  mainstream  air  and  cool  the  film  cooling  flow.  A  sample  time 
history  of  heat  flux  and  all  relevant  temperatures  is  shown  in  Figure  2. 
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Detail  View  of  One 
Measurement  Location 


Figure  1:  Fully  Instrumented  Blade  with  Details  of  Sensors  and  Showerhead  Film 

Cooling  Configuration 

The  effect  of  the  passing  shock  wave  on  the  heat  transfer  was  then  investigated  by  means 
of  high  speed  shadowgraphs  taken  with  a  Hadland  high  speed  digital  camera  capable  of 
taking  four  successive  pictures  at  up  to  8MHz.  One  sample  view  of  the  shock  interacting 
with  the  layer  of  cooling  film  is  shown  in  Figure  3. 

High-speed  time  histories  of  pressure  and  heat  flux  were  recorded  with  all  available 
gauges  during  the  shock  passage.  A  sample  heat  flux  time  history  from  one  shock  passing 
event  is  shown  in  Figure  4. 

A  wide  variety  of  parameters  were  varied  (shock  strength,  coolant  pressure,  initial  level 
of  heat  flux)  in  order  to  determine  the  effect  of  the  passing  shock  on  the  heat  transfer 
coefficient  and  the  film  effectiveness.  By  comparison  of  different  traces  it  was  found  that 
the  heat  transfer  coefficient  is  not  influenced  strongly  by  the  passing  shock.  The  majority 
of  the  effect  of  the  shock  is  a  transient  change  in  the  fluid  temperature. 
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Figure  3:  Sample  Shadowgraph  Illustrating  the  Interaction  of  the  Passing  Shock  and  the 

Coolant  Layer 
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Figure  4:  Sample  Time  History  of  Shock  Induced  Heat  Flux  from  Vatell  HFM-7/L  Heat 

Flux  Sensors  #1  through  #5. 


The  data  was  compared  to  different  predictive  models  published  in  the  literature.  Of  all 
the  models  evaluated,  the  best  agreement  could  be  found  for  a  model  assuming  a  constant 
heat  transfer  coefficient. 

Further  tests  are  needed  with  higher  turbulence  flow  through  the  cascade.  The  present 
turbulence  level  (about  1%)  is  significantly  lower  than  the  turbulence  level  in  an  actual 
engine  (exceeding  15%).  The  boundary  layer  behavior  was  shown  in  the  literature  to  be 
dependent  on  the  turbulence  intensities,  turbulent  length  scales  and  turbulent  time  scales. 
The  reaction  of  a  boundary  layer  to  the  passing  shock  is  most  likely  different  for  different 
scales  and  intensities  of  turbulence. 


Transitions 


Vatell  Cor 


As  part  of  the  Virginia  Tech  research  project  from  AFOSR,  Vatell  Corporation  has  press- 
fit  Heat  Flux  Microsensors  directly  into  the  aluminum  gas  turbine  blade  models.  The 
sensors  measure  both  heat  flux  and  temperature  at  the  blade  surface  using  sputtered  thin 
films.  Heat  Flux  is  measured  using  the  output  of  300  thermocouple  pairs  arranged  as  a 
differential  thermopile  across  a  thin  thermal  resistance  layer.  Surface  temperature  is 
measured  with  an  adjacent  thin-film  resistance  element. 
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Testing,  modeling  and  designing  new  sensors  is  being  done  cooperatively  with  Vatell 
Corp.  A  joint  evaluation  of  new  calibration  methods  has  been  recently  completed.  Vatell 
Corporation  markets  Heat  Flux  Microsensors  produced  in  its  Thermateq  facility  in 
Blacksburg,  VA.  They  continue  to  modify  their  production  line  to  increase  capacity  and 
quality. 


General  Electric  Aircraft  Engines  (GEAE) 

Interaction  with  GEAE  has  continued  with  research  discussions  and  a  presentation  held  at 
GEAE  during  the  past  twelve  months.  The  film  cooling  hole  pattern  was  designed  by 
GEAE  based  on  their  experience  on  state-of-the-art  film  cooling  hole  pattern  on  aircraft 
engine  blades. 


Wright  Laboratory 

Discussions  have  continued  with  Wright  Laboratory  personnel  including  a  visit  and  a 
presentation.  Topics  included  measurement  technology,  film  cooling  experimentation  and 
unsteady  shock  simulation. 
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Abstract 

This  year  marks  the  first  year  that  the  program  has  concentrated  exclusively  on 
modeling,  system  identification,  and  control  of  the  aerodynamics  associated  with  flutter 
and  high  cycle  fatigue.  The  review  is  divided  into  two  sections.  The  first  describes 
modeling  and  analysis  of  high  cycle  fatigue,  using  unique  state-space  and  control- 
theoretic  techniques.  A  first-principles  model  has  been  used  both  to  analyze  flutter 
control  and  to  predict  worst-case  behavior  for  probabilistic  methods.  Also,  model  order 
reduction  techniques  have  been  used  to  create  CFD-based  state-space  models  of 
blade-scale  aerodynamics,  which  have  been  incorporated  into  a  mistuning  analysis  of 
flutter,  as  well  as  other  stability  and  control  analyses.  The  second  part  of  the  review 
reports  on  progress  of  the  active  rotor  development.  A  20,000  RPM  spin  test  facility  has 
been  completed,  and  testing  of  blades  for  the  active  rotor  is  proceeding. 

1.0  Modeling,  Identification,  and  Control  of  Flutter  and  Forced  Response  in 
Turbomachinery 

Two  techniques  have  been  developed  for  system  analysis  of  flutter  and  forced 
response  in  turbomachinery.  Both  modeling  approaches  are  unique  in  the 
aeromechanics  community  because  they  capitalize  on  a  systems  and  control 
perspective  to  yield  new  insight  and  new  approaches  to  the  aeromechanics  problem. 
The  first  model  [1,10]  is  based  on  first  principles  models  like  those  introduced  by  MIT 
for  rotating  stall.  This  model  is  incompressible  and  very  low  order  (12-16  states  per 
interblade  phase  angle),  which  allows  systems  studies  to  be  performed  at  low  cost.  The 
second  model  [9]  is  compressible,  based  on  CFD,  but  employs  state-of-the-art  model 
order  reduction  techniques  to  reduce  the  models  to  tractable  order:  100-200  states  for 
the  aerodynamics  of  an  entire  rotor,  as  compared  to  10,000-100,000  states  for  the 
original  CFD  model. 

Having  completed  the  initial  development  of  these  models,  the  past  year  has 
concentrated  on  applying  them  to  answer  questions  about  identification  and  control  of 
flutter  and  forced  response.  The  following  sections  describe  some  of  the  results. 

1.1  Control  and  Sensitivity  Studies  Using  a  First  Principle  Flutter  Model 

Two  primary  questions  have  been  studied  using  our  first-principles  models  of  an 
aeromechanically  coupled  rotor.  The  first  question  is  related  to  active  control:  what 
sensor  and  actuator  types  are  best  suited  to  active  control  of  flutter?  To  study  this 
question,  a  model  of  the  GE  “Fan  C”  rotor  was  developed,  using  performance  data 
from  a  NASA-funded  aeroelasticity  study  by  GE.  The  GE  report  provides  performance 
data,  structural  properties,  and  aeroelastic  response  characteristics  of  a  22”  scale 
model  of  a  transonic  fan,  similar  to  the  GE  90  fan.  By  using  2D  equivalent  structural 
and  performance  properties,  and  by  adjusting  the  mechanical  damping  in  the  low-order 
model,  aeromechanical  properties  very  similar  to  those  measured  by  GE  were 
achieved. 


211 


State  Deviation  Cost  /  Control  Deviation  Cost 


(a) 


80 


60 


w 

Q 

CO  40 

o 


20 


I  ~l  Tip  Clearance 


t>i  ^  Vt1  V2  V*  q  a 
(b) 


Figure  1:  Actuator-sensor  studies  for  active  control  of  flutter,  (a)  Actuator  activity 
required  to  stabilize  torsion  flutter  for  three  types  of  actuation.  Relative  weighting  of 
state  deviations  and  actuator  activity  determine  the  required  RMS  actuator  activity,  (b) 
LQG  cost  for  tip  clearance  actuation,  for  various  sensors  ( notation :  y/,  static  pressure; 
y/t,  total  pressure;  (j),  velocity;  a,q,  direct  pitch  and  plunge  measurement;  1,  upstream, 
2,  downstream ). 


Using  this  validated  model,  various  actuators  and  sensors  were  introduced,  and 
feedback  control  was  applied  to  the  most  critical  instabilities  in  the  system.  Optimal 
control  methods  were  used  to  determine  the  theoretical  limit  of  performance  of  the 
postulated  actuation  and  sensing  systems.  Static  pressure,  dynamic  pressure,  and 
velocity  sensors  were  considered;  injectors,  tip  clearance  modulation,  and  on-blade 
piezos  were  considered  for  actuation. 

Figure  1  gives  the  results.  Figure  la  shows  the  results  of  comparing  various  actuator 
types,  using  LQG  control  methods  to  predict  the  minimum  actuator  activity  required  to 
stabilize  the  compressor  with  various  actuators.  On-blade  piezo  actuation  is  chosen  as 
the  baseline  actuator,  because  on-blade  actuation  like  this  can  directly  affect  the 
damping  of  the  blades,  yielding  high  performance  but  impractical  implementation. 
Figure  la  shows  that  off-blade  actuation  affecting  the  tip  clearance  flow  can  achieve 
stabilization  with  comparable  levels  of  effort,  but  much  more  practically.  Figure  lb 
compares  various  sensor  choices  for  tip  clearance  actuation,  with  LQG  cost  (RMS 
errors)  as  the  metric  for  performance.  Downstream  actuation  consistently  performs 
better  than  upstream,  and  static  pressure  sensors  (which  are  best  suited  to  high  speed 
applications)  have  performance  comparable  to  other  types  of  sensing.  Our  study  shows 
that  both  off-blade  sensing  and  off-blade  actuation  can  be  used  to  stabilize  lightly 
damped  (forced  response)  or  unstable  (flutter)  modes  in  compressors. 

The  second  study,  currently  in  progress,  applies  control-theoretic  methods  to  determine 
the  robustness  of  a  given  rotor  design  to  manufacturing  tolerances.  This  study  directly 
addresses  the  ‘probabilistic  design’  and  ‘three-sigma  engine’  thrusts  that  are  currently 
important  to  engine  manufacturers.  The  idea  is  to  start  with  industry-standard  forced- 
response  analysis,  and  add  robustness  analysis  methods  to  these,  to  determine  the 
effects  of  manufacturing  tolerances  and  parametric  uncertainties. 

Figure  2  illustrates  the  approach.  Using  the  modeling  techniques  developed  at  MIT,  a 
theoretical  Campbell  diagram  can  be  constructed.  This  Campbell  diagram  agrees  well 
with  the  properties  measured  in  the  “Fan  C”  tests.  But,  unlike  standard  methods  for 
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Figure  2:  Analytical  Campbell  diagram  for  GE  Fan  C,  based  on  first-principles  low- 
order  model.  Lines  represent  1st  through  4th  harmonics  of  rotor  frequency  excitation. 
Large  circles  represent  structural  frequency  crossing  circles  size  indicates  forced 
response  amplitude. 


constructing  Campbell  diagrams,  the  MIT  model  provides  information  on  the  damping 
ratios  of  various  aeromechanical  modes,  which  in  turn  determine  the  forced  response 
resonant  stress  amplitudes.  This  information  is  indicated  in  Figure  2  by  the  size  of  the 
circles  at  each  crossing  of  an  engine  mode  with  a  blade  eigenvalue  frequency. 

Based  on  this  analysis,  sensitivity  studies  are  straightforward  to  perform.  For  example, 
the  same  analysis  has  been  done  for  a  fictitious  compressor  with  the  same  overall 
pressure  rise,  but  with  higher  pressure  losses  due  to  deviation  and  lower  pressure  losses 
due  to  viscous  effects.  This  is  the  type  of  information  that  is  useful  to  compressor 
designers. 

Currently  we  are  taking  this  analysis  one  step  further.  Using  robustness  analysis  tools 
from  control  theory,  we  can  actually  determine  the  worst-case  (from  the  standpoint  of 
stability  and  resonant  response)  set  of  parameter  variations  among  a  given  uncertainty 
set.  This  information  will  allow  designers  to  determine  the  effects  of  manufacturing 
tolerances,  uncertainty/variability  of  the  operating  conditions,  and  poorly  predicted  off- 
design  performance. 

1.2  Reduced-Order  Modeling  of  CFD-based  Blade  Row  Aeromechanics 

Although  the  model  described  in  the  previous  section  is  useful  for  system-level  studies, 
it  lacks  accurate  representation  of  the  higher-order  flow  field  physics,  especially  in 
transonic  flows  where  shocks  have  a  strong  impact  on  aeroelastic  response.  What  is 
really  needed  is  a  low-order  model  which  accurately  captures  the  response  behavior 
computed  by  a  CFD  code  over  a  broad  range  of  spatial  and  temporal  frequencies.  An 
approach  to  model  order  reduction  which  yields  just  such  models  has  been  completed 
during  the  past  year. 
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Two  significant  improvements  to  previous  work  have  been  implemented.  First,  model 
order  reduction  has  been  applied  to  Euler  codes  that  accurately  capture  shock  effects. 
Second,  a  frequency-domain  Proper  Orthogonal  Decomposition  (POD)  method  for 
model  order  reduction  has  been  developed,  and  shown  to  be  a  special  case  of  ‘block 
Amoldi’  methods  for  input-output  model  order  reduction  [10].  Amoldi  methods  are 
generalizations  of  Pade  approximations,  yielding  extremely  low  order,  efficiently  com¬ 
puted  models  based  on  frequency-domain  unsteady  aerodynamics.  Models  developed 
using  this  approach  have  been  used  for  mistuning  analyses  [3]  as  part  of  the  coopera¬ 
tive  PRET  program  between  MIT,  Caltech,  University  of  California,  and  UTRC. 

Another  application  of  the  models  is  estimation  of  aerodynamic  damping  based  on  off- 
blade  measurements.  The  premise  of  low  order  modeling  is  that  based  on  the  values  of 
the  fundamental  states  of  the  process  (of  which  there  are  a  very  low  number,  even 
though  CFD  is  required  to  identify  them),  the  entire  unsteady  flow  field  can  be 
constructed.  A  corollary  is  that  a  set  of  off-blade  measurements,  if  they  can  be  used  to 
deduce  the  states  (i.e.  the  system  is  observable  from  those  measurements),  can  be  used 
to  deduce  the  pressure  distribution  on  the  blade  surface.  This  argument  obviously  relies 
on  the  accuracy  of  the  model,  and  assumes  that  the  blade  motion  is  known  (forced 
response  testing),  or  that  an  estimator  can  also  be  constructed  for  the  blade  motion  (free 
vibration).  Current  work  considers  estimators  based  on  low  order  modeling  to  do  this 
job. 

Figure  3  shows  the  beginnings  of  the  study  of  off-blade  aerodynamic  damping 
measurements.  These  plots  show  the  amplitude  of  the  off-blade  signals  that  would 
result  from  1  degree  blade  deflections,  and  compares  these  to  the  signals  used  in 
previous  system  identification  experiments  [4].  These  results  give  confidence  that 
signal  strength  will  be  sufficient  to  do  off-blade  system  identification. 


Figure  3:  Off-blade  pressure  amplitudes  induced  by  blade  vibration,  as  a  function  of 
interblade  phase  angle  (left)  and  frequency  (right).  Threshold  levels  are  based  on  signal 
levels  used  for  system  identification  in  a  transonic  compressor  at  NASA  Glenn  [4,5]. 


2  Active  Rotor  Development 

The  goal  of  this  project  is  to  build  a  transonic  rotor  whose  blades  actively  oscillate  and 
thereby  excite  the  aerodynamics  associated  with  flutter  and  high  cycle  fatigue.  Figure  4 
illustrates  the  twin  spar  concept  that  we  have  adopted  for  the  blade.  This  ‘active  rotor’  is 
a  new  instrument  for  investigating  the  unsteady  aerodynamic  properties  of 
turbomachinery.  Because  it  must  be  constructed  of  composites,  because  it  uses  piezos 
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in  a  high-g  environment,  and  because 
transonic  rotor  blades  are  thin  and  highly 
twisted,  the  active  rotor  is  a  multi-disci¬ 
plinary  design  challenge.  The  development 
is  being  carried  out  systematically,  and 
supporting  research  is  being  done  to  design 
experiments  and  understand  their 
implications.  In  this  section  we  discuss  work 
that  is  essentially  completed  (active  blade 
prototyping  and  spin  pit  development  and 
construction),  as  well  as  work  that  is 
ongoing  (blade  testing  and  rotor  design). 

2.1  Active  Blade  Prototypes 
Mechanical  Design 

Mechanical  design  of  the  active  rotor 
blades  is  the  core  effort  for  the  active  rotor 
project.  As  in  all  active  structures,  there  is  a  fundamental  trade-off  between  strength 
and  actuation  capability.  Mechanical  design  considerations  that  have  been  resolved 
include  the  following: 

•  Choice  of  materials  (  for  the  piezos,  foam  shell,  and  spars); 

•  Location  of  the  spars  within  the  blades; 

•  Location  and  bonding  procedure  for  the  piezos;  and 

•  Layout  of  components  for  transfer  of  power  and  signals  to  and  from  the  blade. 

All  of  these  items  have  been  carefully  considered  to  improve  strength,  durability,  and 
manufacturability  while  maintaining  actuation  capability.  Three  separate  design 
concepts  will  be  tested  during  the  summer  to  determine  the  one  best  suited  for 
implementation. 

Spar  material  (graphite-epoxy),  fiber  angles  (+20  degrees),  thickness,  and  taper  ratio 
were  all  optimized  for  the  severe  loading  environment  of  the  transonic  rotor.  Spar 
orientation  within  the  aerodynamic  shape  of  the  blade  was  also  studied,  to  determine 
the  stress  associated  with  off-axis  lean  in  the  spars.  Because  the  spars  have  a 
rectangular  cross-section,  the  twist  orientation  of  the  spar  has  a  large  impact  on  the 
stresses.  Initial  studies  on  optimizing  the  off-axis  lean  of  the  spars  with  respect  to  their 
twist  angle  were  conducted.  Finite-element  analysis  of  the  blade’s  untwist  properties, 
frequency  response  characteristics,  and  stress  levels  has  been  conducted. 

The  most  carefully  considered  aspect  of  the  mechanical  design  was  the  piezos. 
Because  PZT  is  relatively  heavy  and  brittle,  and  because  the  bond  between  the  piezo 
and  the  structure  strongly  affects  the  strain  transmission,  manufacturing  for  high-load, 
and  characterization  under  load,  were  considered  the  highest-risk  elements  of  the  blade 
design.  Several  concepts  were  considered.  Embedding  the  piezos  within  the  graphite 
epoxy  structure  was  seen  as  a  way  to  pre-compress  the  piezos  and  reduce  their 
ultimate  strain;  however  analysis  showed  that,  because  of  the  near-axial  orientation  of 
the  graphite  fibers,  very  little  pre-compression  in  the  radial  (primary  strain)  direction 
was  achieved.  Surface  bonding  with  the  spar  under  tension  was  also  considered,  so  that 
after  the  bond  had  cured  and  the  spar  was  released,  the  piezo  would  be  under 
compression.  This  pre-compression  relieves  the  ultimate  tensile  stress  on  the  piezo. 
Finally,  pre-compression  by  actuating  the  piezos  during  curing  was  considered  and 
ultimately  chosen  as  the  most  effective  and  simple  method  of  manufacture. 

Two  critical  unknown  issues  relating  to  surface  bonding  exist:  bond  relaxation  both 


Figure  4:  Active  rotor  blade  cross- 
section.  Spars  are  actuated  simulta¬ 
neously  for  bending  oscillations,  and 
out-of-phase  for  pitch  oscillations. 
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initially  and  over  time  (creep),  and  strength  of  the  bond.  Shear  lag  analysis,  as  well  as 
coupon  testing,  resulted  in  a  manufacturing  procedure  that  tested  well  beyond  the 
ultimate  stress  of  the  unbonded  piezo  material,  and  which  showed  no  loss  in  properties 
due  to  creep.  This  was  due  both  to  the  careful  bonding  procedure  and  the  extra  strength 
provided  by  the  Kapton  layer  supporting  the  electrodes. 

Blade  Manufacture 

Figure  5  shows  the  primary  components  of  the 
active  rotor.  These  figures  were  generated  from 
three-dimensional  models  of  the  GE  “Fan  C” 
compressor.  The  three-dimensional  models  have 
been  used  to  make  molds  (both  by  numerical 
machining  and  3D  printing  methods)  for  the  spars 
and  the  aerodynamic  envelope  of  the  blade.  Three 
manufacturing  procedures  are  being  tested.  All 
three  start  with  the  graphite-epoxy  lay-up  shown  on 
the  left-hand  side  of  the  figure.  This  lay-up  consists 
of  40  layers  of  graphite-epoxy  prepreg,  tapering  to  4 
layers  at  the  tip  of  the  blade  to  reduce  stresses  at  the 
root,  and  a  triangular  root  attachment,  also  of 
graphite-epoxy.  Numerically  machined  molds  and 
precisely  patterned  prepreg  layers  create  the  initial 
shape  in  this  figure.  This  is  the  backbone  of  all  three 
blade  concepts. 

The  primary  blade  concept  is  the  spar-and-shell 
construction.  In  this  construction,  the  graphite- 
epoxy  lay-up  is  cut  using  a  water  jet  into  two  spars 
and  a  support  tab  (not  shown  in  Figure  5).  Rohacell  foam,  chosen  for  its  light  weight, 
high  strength,  and  relatively  low  stiffness,  is  thermoformed  in  a  second  mold,  and 
bonded  to  the  spars.  The  thermoforming  and  bonding  procedures  have  been  the  subject 
of  recent  research,  and  the  strength  and  stiffness  properties  after  thermoforming  are 
currently  being  tested.  We  are  also  assessing  the  effect  of  an  epoxy  outer  skin  on  the 
surface  properties  and  stiffness  of  the  blade. 

A  second  concept  relies  on  a  graphite-epoxy  skin,  rather  than  foam  with  an  epoxy  skin, 
for  structural  integrity  of  the  blade.  The  skin  is  attached  to  the  root  section  and  supports 
its  own  weight  to  prevent  additional  stress  on  the  spars.  Although  this  construction  may 
have  superior  surface  properties,  it  will  have  additional  bending  stiffness  and  thus  will 
achieve  primarily  twist  actuation. 

The  third  blade  concept  uses  a  plate-like  backbone  for  the  active  rotor  blade,  instead  of 
a  twin-spar  arrangement.  This  blade  promises  to  be  much  stiffer  and  stronger  in  twist, 
while  affording  extra  surface  area  for  placement  of  piezos.  Although  this  blade 
promises  to  have  the  lowest  untwist  properties  and  the  highest  overall  robustness,  it  will 
be  more  difficult  to  actuate  its  torsion  mode,  so  it  will  achieve  primarily  plunge 
actuation. 

All  three  blade  concepts  use  a  potted  base  near  the  root  attachment  to  provide  strain 
relief  for  instrumentation  wires.  For  the  blade  with  graphite  epoxy  skin,  this  base  also 
supports  the  fibers  of  the  skin.  The  base,  shown  on  the  right-hand  side  of  Figure  5,  is 
cast  in  during  the  final  step  in  the  construction  procedure,  forming  a  simple  mechanical 
interface  to  the  slotted  rotor  hub. 


Figure  5:  Spar-and-shell  con¬ 
struction  of  the  active  rotor  blade. 
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Prototype  (untwisted)  blades  have  been  constructed  for  the  first  blade  concept  and  are 
currently  being  tested.  The  tapered,  twisted  blade  backbones  for  all  three  concepts  are 
currently  being  laid  up  in  numerically  machined  molds. 


2.2  Spin  Pit  Design  and  Construction 

A  major  effort  during  the  past  year  has 
been  design  and  construction  of  a  spin  pit 
for  testing  the  active  rotor  (Figure  6).  This 
evacuated  facility  has  two  unique  proper¬ 
ties  which  suit  it  for  testing  the  active  rotor: 
first,  an  integrated  power  slip  ring  can  pro¬ 
vide  up  to  25  channels  of  high  voltage 
power  to  the  rotor,  to  actuate  the  piezos  on 
the  blades.  Second,  the  20,000  RPM  spin¬ 
dle  of  the  rotor  is  designed  to  be  compatible 
with  the  MIT  blowdown  compressor  facil¬ 
ity.  Once  spin  testing  is  complete  and  the 
structural  integrity  of  the  active  rotor  has 
been  demonstrated,  the  entire  spindle 
assembly  will  be  mounted  in  the  blowdown 
compressor  facility  for  short  duration 
testing  under  full  aerodynamic  loads. 

Limited  aeroelastic  testing  will  also  be 
conducted  in  the  blowdown  compressor, 
but  the  ultimate  goal  is  to  install  the  rotor  in 

a  continuously-operating  facility  such  as  the  CRF  at  Wright-Patterson  Air  Force  Base, 
or  the  W8  transonic  compressor  test  facility  at  NASA  Glenn. 


Figure  6:  Spin  pit  facility  assembly 
drawing.  Support  structure  and 
strumentation  not  shown. 


in¬ 


ks  part  of  the  current  design  effort,  a  test  rotor  was  designed  and  built.  This  rotor 
supports  up  to  three  blades,  in  clips  which  can  be  replaced  if  the  root  attachment  design 
changes.  In  addition,  the  rotor  is  designed  to  allow  in  situ  rebalancing  of  the  rotor,  so 
that  the  imbalance  created  by  changing  the  blades  can  be  canceled.  In  situ  rebalancing, 
a  connector  in  the  slip  ring  attachment  (instead  of  the  more  typical,  hard  wired 
approach),  and  a  stiff  shaft  structure  all  make  the  spin  pit  well  suited  for  testing 
prototype  blades  and  the  active  rotor.  The  instrumentation  for  the  spin  pit  is  being 
procured  under  support  from  the  DURIP  program. 


2.3  Prototype  Blade  Testing 

To  date,  testing  has  been  performed  on  prototype 
blades  for  the  spar-and-shell  blade  concept. 
Initial  tests  have  verified  that  the  graphite-epoxy 
lay-up  can  withstand  the  centrifugal  loads, 
including  the  weight  of  the  piezos  and  the  blade. 
Frequency  response  tests  of  the  spars,  with  and 
without  the  Rohacell  shell,  have  been  conducted. 
Currently,  deflections  of  up  to  1  degree  peak  to 
peak  have  been  achieved  in  bench  tests.  These 
deflections  will  be  somewhat  reduced  by 
centrifugal  effects,  but  recent  results  in  the 
literature,  as  well  as  the  analysis  shown  in  Figure 
3,  indicate  that  good  results  can  be  obtained  with 
0.2  to  0.4  degrees  of  blade  deflection,  due  to  the 
high  sensitivity  of  the  shock  location  to  incidence 
in  a  transonic  fan. 


Figure  7:  Measured  active 
rotor  spar  deflections,  plotted 
on  an  axis  which  predicts  the  tip 
deflection  achievable. 
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Figure  7  shows  preliminary  blade  deflection  results.  Clearly,  the  foam  shell  has  a 
significant  impact  on  the  tip  deflection  of  the  blade,  reducing  the  effectiveness  by  one 
order  of  magnitude.  Although  the  resulting  deflection  would  still  be  sufficient  for  system 
identification  studies,  additional  work  is  underway  to  reduce  the  detrimental  impact  of 
the  shell  on  control  power. 
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The  general  aim  of  this  project  is  to  carry  out  a  fundamental  study  of  the  basic 
physics  underlying  the  possible  applications  of  gas  and  vapor  bubbles  in  heat  transfer 
systems,  pumps,  actuators,  and  other  small-scale  systems.  The  major  development 
during  the  period  June  98  to  July  99  has  been  the  implementation  of  yet  another 
novel  pumping  principle  (different  from  the  one  described  in  the  previous  report) 
based  on  the  action  of  a  single  vapor  bubble  asymmetrically  generated  in  a  channel 
(see  Figure  1).  A  patent  application  covering  this  device  has  been  filed.  Furthermore 
(a)  full  Navier-Stokes  simulations  of  the  growth  and  collapse  of  a  vapor  bubble  in  a 
channel  have  been  carried  out,  and  (b)  experiments  on  the  simultaneous  action  of 
flow  and  acoustic  forces  on  a  gas  bubble  have  been  conducted. 


Figure  1:  Photographic  sequence  of  the  evolution  of  a  vapor  bubble  in  the  new  single¬ 
bubble  pump;  only  part  of  the  channel  is  shown. 
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Abstract 

The  general  aim  of  this  project  is  to  carry  out  a  fundamental  study  of  the  basic 
physics  underlying  the  possible  applications  of  gas  and  vapor  bubbles  in  heat  transfer 
systems,  pumps,  actuators,  and  other  small-scale  systems.  A  summary  of  progress 
during  the  period  June  98  to  July  99  is  presented.  The  major  development  has  been 
the  implementation  of  yet  another  novel  pumping  principle  (different  from  the  one 
described  in  the  previous  report)  based  on  the  action  of  a  single  vapor  bubble  asym¬ 
metrically  generated  in  a  channel.  Furthermore,  experiments  on  the  simultaneous 
action  of  flow  and  acoustic  forces  on  a  gas  bubble  have  been  conducted. 


Introduction 

While  a  great  deal  is  known  on  gas  and  vapor  bubble  dynamics,  very  little  work  has 
been  done  on  bubble  mechanics  in  the  situations  that  might  arise  in  micro-mechanical 
applications.  Issues  are  the  presence  of  boundaries  such  as  a  bubble  in  a  channel  or 
chamber  of  comparable  size,  the  effect  of  wetting  phenomena  and  nucleation,  bubble 
stabilization  against  gas  diffusion,  interaction  with  acoustic  fields  and  temperature 
gradients,  and  others.  The  physical  mechanisms,  characteristic  times  and  lengths,  re¬ 
producibility,  control,  etc.  all  constitute  promising  features  for  practical  applications 
but  are  essentially  virgin  territory  in  terms  of  basic  physics. 

The  work  described  here  summarizes  our  progress  in  this  area  over  the  period  June  98 
to  July  99.  During  this  period  the  work  has  followed  two  main  lines,  one  concerning 
vapor  bubbles  and  one  gas  bubbles.  For  the  first  topic  we  have  carried  out  an  exper¬ 
iment  and  conducted  numerical  simulations  on  a  novel  type  of  bubble-based  pump. 
This  device  is  based  on  a  principle  that  was  initially  discovered  in  the  course  of  the 
study  of  a  simplified  theoretical  model  and  subsequently  proven  experimentally.  For 
gas  bubbles  we  have  set  up  an  experiment  to  study  the  possibility  of  positioning  a 
bubble  by  acoustic  means  in  the  presence  of  a  flow. 

Novel  vapor-bubble  pump 

Consider  a  channel  connecting  two  liquid  reservoirs  (Fig.  1).  We  assume  that  a 
bubble  is  generated  in  the  channel  starting  from  a  small  high-pressure  cavity.  In 
practice  this  can  be  obtained  by  a  localized  heating  of  the  fluid  by  means  of  a  small 
heater.  Shortly  after  the  bubble  starts  to  expand  the  pressure  is  brought  to  zero 
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Figure  1:  Sketch  of  a  microchannel  joining  two  liquid  reservoirs  with  a  bubble  growing 
from  a  heater  indicated  by  the  vertical  bar. 

simulating  the  turning  off  of  the  heater  and  the  cooling  of  the  vapor.  We  have  found 
that,  if  the  initial  bubble  position  is  not  in  the  middle  of  the  channel,  every  time  the 
bubble  grows  and  collapses,  a  small  amount  of  liquid  is  pushed  in  the  direction  of  the 
reservoir  farther  from  the  bubble. 

This  unexpected  and  potentially  useful  effect  was  first  discovered  by  studying  a  simple 
one-dimensional  model  of  the  situation  [2].  For  the  sake  of  simplicity  we  present  here 
an  even  more  simplified  version  of  the  model  that  nevertheless  contains  the  essential 
idea.  Consider  the  column  of  liquid  to  the  left  of  the  bubble  and  apply  an  integral 
momentum  balance  to  it  to  find 

pZi-rr  =  Pi~Pb,  (!) 

at 

where  the  index  l  refers  to  the  left  liquid  column,  p  is  the  liquid  density,  lx  =  £x{t)  the 
length  of  liquid  between  the  bubble  surface  and  the  left  tube  exit,  Ux  the  velocity  of 
this  liquid,  Pt  the  pressure  in  the  left  reservoir,  and  pb  the  pressure  in  the  bubble.  The 
complete  model  of  Ref.  [2]  accounts  also  for  viscous  effects  as  well  as  surface  tension. 
A  similar  equation  holds  for  the  right  liquid  column.  When  he  bubble  collapses  the 
two  liquid  columns  collide;  we  assume  that  momentum  is  conserved  in  the  impact  so 
that  the  liquid  in  the  tube  has  a  residual  velocity  given  by  LU  =  liUi  +  irUr,  with 
L  the  tube  length.  With  prescribed  pb,  Ph  Pr  the  equations  can  be  solved  to  give  the 
liquid  velocity  and  bubble  volume  vs.  -time.  As  mentioned  before  we  assume  that  the 
bubble  pressure  is  initially  large,  and  falls  to  near  0  shortly  after  the  bubble  begins 
to  expand.  The  remarkable  fact  is  that  when  the  two  columns  collide  at  the  end  of 
the  collapse,  there  is  a  residual  velocity  directed  towards  the  right,  i.e.  toward  the 
reservoir  farther  from  the  bubble. 

This  simplified  simulation  has  been  considerably  refined  with  the  results  shown  in 
Fig.  2.  Here  the  full  incompressible  Navier-Stokes  equations  are  solved  by  means  of 
a  volume-of-fluid  method  coupled  with  a  marker  treatment  of  the  free  surface.  The 
channel  simulated  has  a  diameter  of  62  gm  and  a  length  of  2000  /mi,  the  initial 
position  of  the  bubble  is  at  750  pm  from  the  left  reservoir  and  only  the  part  of  the 
computational  domain  near  the  bubble  is  shown.  The  upper  panel  is  a  sequence  of 
bubble  shapes  during  growth  and  the  lower  panel  during  collapse.  Note  that  the  point 
where  the  bubble  collapses  is  displaced  to  the  right  of  the  point  where  the  bubble  was 
initially  generated.  By  repeating  sequentially  the  growth  and  collapse  process,  one 
would  generate  a  net  motion  of  the  liquid  from  right  to  left. 
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Figure  2:  Growth  (upper  panel)  and  collapse  (lower  panel)  of  a  vapor  bubble  in  a 
2,000  /un-long,  62.5  /un-diameter  liquid-filled  tube  connecting  two  liquid  reservoirs. 
(The  images  show  only  part  of  the  tube).  The  bubble  is  nucleated  at  a  distance  of 
750  //m  from  the  left  reservoir.  Note  that  during  the  collapse  it  displaces  toward  the 
other  reservoir  with  a  resulting  pumping  action  on  the  liquid  that  has  been  verified 
in  the  laboratory.  Successive  contours  are  separated  by  1.6  fis.  The  internal  pressure 
falls  to  0  after  2  //s,  i.e.  between  the  second  and  the  third  frames.  The  simulation  is 
based  on  a  full  Navier-Stokes  incompressible  calculation,  (from  [3]). 
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Figure  3:  (Left)  Sketch  of  the  new  single-bubble  pump.  The  lower  part  of  the  diagram 
shows  the  powering  sequence  of  the  heater. 

Figure  4:  (Right)  Experimental  pressure  head  developed  by  the  pump  sketched  in 
the  diagram  at  left  as  a  function  of  the  interval  T  between  successive  powerings  of 
the  heater. 
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Figure  5:  Photographic  sequence  of  the  evolution  of  a  vapor  bubble  in  the  device 
schematized  in  Fig.  4;  only  part  of  the  channel  is  shown. 


We  have  conducted  an  experiment  to  demonstrate  the  actual  existence  of  this  un¬ 
expected  phenomenon.  The  experimental  set-up  is  sketched  in  Fig.  3.  Data  on  the 
pressure  head  developed  by  this  device  as  a  function  of  the  time  interval  between 
successive  powerings  of  the  heater  are  shown  in  Fig.  4.  A  photographic  sequence  of 
the  bubble  growth  and  collapse  is  shown  in  Fig.  5.  The  channel  is  cut  in  a  piece 
of  Plexiglas  and  covered  with  another  piece  of  the  same  material.  The  two  parts 
are  sealed  by  a  plastic  glue.  The  heater  is  a  short  piece  of  thin  wire  suspended  in 
the  channel.  The  two  ends  of  the  wire  are  clamped  to  the  inside  of  two  hypodermic 
needles  that,  offering  a  much  lower  resistance  to  the  current,  do  not  heat  up  and 
therefore  do  not  damage  the  Plexiglas.  The  channel  is  approximately  square  in  cross 
section  with  sides  of  1  mm  and  a  length  of  6  cm. 

Multi-bubble  pump 

By  means  of  the  same  quasi-one-dimensional  model  summarized  before,  we  have  con¬ 
ducted  simulations  of  the  functioning  of  a  multibubble  pump.  In  the  example  that 
we  show  here  there  are  three  heaters  in  the  channel  as  shown  in  Fig.  6.  These  heaters 
are  powered  in  succession  cyclically  as  indicated  in  the  lower  part  of  the  figure.  The 
evolution  of  the  three  bubbles  in  two  cases  is  shown  in  Fig.  7.  The  dynamics  of  the 
system  -  and  therefore  its  pumping  effectiveness  -  is  clearly  strongly  affected  by  the 
precise  timing  of  the  generation  of  the  bubbles.  This  and  other  features  of  the  system 
can  be  studied  with  our  model. 


Gas  bubbles  subjected  to  flow  and  acoustic  forces 

Gas  bubbles  immersed  in  a  sound  field  are  acted  upon  by  pressure-radiation  (or  Bjerk- 
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Figure  6:  Sketch  of  a  multi-bubble  pump  with  three  heaters  (upper  panel)  and  pow¬ 
ering  sequence  (lower  panel). 


Figure  7: 
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Examples  of  the  growth  and  collapse  cycle  of  three  bubbles  in  the  device 
the  previous  figure.  The  two  cases  differ  in  the  time  lapse  TL  between  the 
of  successive  heaters. 


nes)  forces.  These  forces  can  be  quite  intense  and  can  not  only  overcome  buoyancy, 
but  also  the  drag  imposed  by  a  liquid  flow.  Since  ultrasound  readily  propagates 
through  living  tissue,  this  circumstance  opens  the  possibility,  for  instance,  of  posi¬ 
tioning  bubbles  in  the  blood  stream  e.g.  to  deliver  drugs  to  specific  places  of  the 
circulatory  stream.  Similar  application  would  be  possible  in  other  -  non  biological 
-  liquid-carrying  circuits.  The  bubble  could  be  encapsulated  in  a  soft  material  and 
thereby  attached  to  a  structure  that  might  in  this  way  be  positioned  wherever  desired. 

The  first  step  to  investigate  this  possibility  is  to  study  the  effects  of  flow  and  sound 
acting  simultaneously  on  a  gas  bubble.  For  this  purpose  we  have  set  up  the  following 
experiment.  A  standing  acoustic  wave  is  generated  in  a  glass  cell  by  two  ring  trans¬ 
ducers  mounted  at  the  top  and  at  the  bottom  of  a  glass  tube.  A  soft  plastic  tube 
is  inserted  vertically  along  the  axis  of  the  cell  and  a  recirculating  flow  is  maintained 
in  the  system  by  means  of  a  small  pump  that  draws  liquid  from  the  side  of  the  cell 
and  pumps  it  back  through  the  tube.  A  gas  bubble  is  generated  electrolytically  and 
trapped  in  the  standing  sound  wave.  The  water  flow  is  increased  until  the  drag  force 
becomes  too  large  and  the  bubble  is  lost. 
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ABSTRACT 

This  work  presents  our  progress  in  the  development  of  MEMS  (Micro-Electro-Mechanical 
Systems)-based,  high-performance,  fast-response,  multi-sensor  pressure  probes  of  miniature 
size  for  velocity  and  pressure  measurement  in  unsteady  and  turbulent  flowfields.  The 
fabrication  and  calibration  of  a  miniature  5-sensor  hemispherical-tip  probe,  are  discussed.  The 
first  stage  of  the  development  process  has  been  to  fabricate  a  sensitive  MEMS  pressure  sensor 
array  and  to  develop  calibration  theory,  algorithms  and  environments  for  a  fast-response 
probe.  We  fabricated  an  array  of  5  bossed-diaphragm  absolute  pressure  sensors  250x250  pm2 
in  size.  One  of  the  challenges  in  the  pressure  sensor  development  is  the  design  of  sensors  with 
sensitivity  sufficient  for  accurate  measurements  in  flow  conditions  most  commonly  of  interest 
to  the  scientific  and  industrial  community.  We  have  also  fabricated  the  probe  tip  components 
that  will  house  the  MEMS  sensor  array.  New  probe  calibration  techniques  are  introduced. 
Both  theoretical  and  experimental  approaches  are  employed  to  develop  calibration  techniques 
suitable  for  unsteady  and  turbulent  flow  environments  with  fine  time  and  length  scales. 

Although  multi-hole  probes  have  been  employed  in  the  measurement  of  unsteady  flowfields 
(Kerrebrock  et  al.,  1980;  Matsunaga  et  al.,  1980;  Ng  and  Popemack,  1988;  Naughton  et  al., 
1993)  they  have  typically  been  limited  in  terms  either  of  frequency  response  or  minimum 
achievable  probe  size.  For  example,  although  Kerrebrock  et  al.’s  (1980)  probe  had  a  decent 
overall  frequency  response  (30  kHz),  it  had  a  rather  large  size  (5mm  tip  diameter),  and, 
although  Matsunaga  et  al.’s  (1980)  probe  had  a  relatively  small  size  (2mm  tip  diameter),  it 
had  a  limited  frequency  response  (500  Hz).  Ng  and  Popemack  (1988)  developed  a  four-sensor 
probe  with  a  size  of  5.2mm  and  a  frequency  response  of  20  kHz.  Naughton  et  al.  (1993) 
developed  a  5-hole  probe  for  supersonic  flow  measurements.  A  small  tip  diameter  was 
maintained  (1.1mm)  but  the  frequency  response  was  limited  to  50  Hz.  Typically,  in  these 
efforts  the  frequency  response  limitations  are  caused  by  the  need  to  have  pressure  tubing 
leading  from  the  probe  tip  to  the  pressure  transducers.  From  the  above  one  can  infer  that  the 
current  state-of-the-art  cannot  simultaneously  achieve  large  measurable  bandwidth  and  good 
spatial  resolution  of  the  fine  flow  structure  when  applied  to  turbulent  flow  measurements.  To 
overcome  these  limitations  we  are  developing  MEMS-based,  multi-sensor  pressure  probes 
that  largely  eliminate  the  limitations  described  above.  The  new  probes  combine  miniature  size 
with  high  frequency  response  and  will  extend  the  application  regime  of  multi-sensor  probes  to 
unsteady  and  turbulent  flows. 
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Although  probe  calibration  techniques  for  steady-state  measurements  are  well  established 
today,  largely  unresolved  issues  persist,  pertaining  to  the  calibration  of  such  instruments  for 
measurements  in  unsteady  and  turbulent  flows.  In  Gossweiler  et  al.  (1994),  a  4-hole,  fast- 
response  probe  was  introduced.  The  probe  tip  did  not  have  any  of  the  conventional  geometries 
(conical  or  hemispherical)  but  was  rather  formed  into  a  wedge.  The  tip  diameter  was  2.5mm 
and  the  frequency  response  was  45  kHz.  The  unsteady  aerodynamic  effects  on  the  probe 
calibration  were  not  taken  into  account.  The  same  group  (Humm  et  al.,  1994)  tested  several 
fast  response  probes  with  tip  geometries,  in  order  to  assess  the  measurement  error  made  if  a 
static  probe  calibration  is  used  to  reduce  probe  measurements  taken  in  time-dependent 
flowfields.  Several  error  sources  were  identified,  the  most  important  of  which  are:  inertial  or 
apparent  mass  effects  (potential  flow  effects,  the  most  important  contribution  to  the  error), 
dynamic  boundary  layer  effects,  dynamic  stall  effects  and  vortex  shedding  effects.  For  a  flow 
oscillation  frequency  of  5.9  kHz,  and  depending  on  probe  geometry  and  size  (two  probe  tip 
sizes  were  tested,  4mm  and  8mm),  errors  as  high  as  100%  were  identified. 


PROBE  DESIGN  AND  FABRICATION 
Fabrication  of  Miniature  Components 

Several  components  of  the  probe  are  built  by  the  Miniaturization  Laboratory  of  the  Aerospace 
Engineering  Department  of  Texas  A&M  University.  Miniaturization  can  be  defined  as 
fabrication  of  parts  and/or  features  that  are  too  small  for  conventional  metal-cutting  machines 
and  tools,  but  too  large  for  today’s  micro-  or  nano-fab  processes.  Typical  features  include 
holes  between  0.005  inches  and  0.030  inches  in  diameter,  or  pockets  requiring  a  cutter 
diameter  of  0.010  inches.  For  comparison,  most  human  hair  is  approximately  0.002  inches  in 
diameter.  The  challenges  of  miniaturization  evolve  from  parameters  common  to  all  metal¬ 
cutting  practices  and  familiar  to  all  machinists.  These  are  speeds,  feeds,  and  precision  or 
tolerance.  A  major  challenge  of  miniaturization  is  the  relative  precision  of  location  and  size. 
For  example,  conventional  machines  can  easily  produce  reamed  holes  of  0.500”  diameter  with 
a  tolerance  of  0.001”,  or  0.2  %  error.  It  is  intuitively  impossible  to  achieve  this  low 
percentage  of  error  with  features  smaller  than  0.020”  (tolerance  of  0.000004”).  Further,  there 
are  no  tools  to  measure  such  features  with  that  degree  of  accuracy.  Hence,  it  is  imperative  the 
designer  accounts  for  the  imprecision  of  fabrication  when  mating  parts  are  involved.  The 
Miniaturization  Laboratory  of  the  Aerospace  Engineering  Department  has  developed  the 
hardware  and  the  techniques  to  deal  with  such  challenges. 


mounting  m 
stage 


wiring 

ribbons 


Probe  Design 

Figure  1  is  an  exploded  view  of  the  probe,  showing  the  various  components  as  they  are 

assembled.  The  tip,  sealing  tubes,  and  mounting 
stage  are  fabricated  by  the  Miniaturization 
Laboratory,  as  well  as  tools  to  facilitate  final 
assembly.  The  tip  is  relatively  easy  to  fabricate,  as 
it  consists  of  simple  drilling  and  counter-boring 
operations,  although  great  care  is  taken  in 
producing  the  hemisphere  as 
accurately  as  possible.  The  tubes 
are  off-the-shelf  and  only  require 
machining  to  length.  The 


sealing 

tubes 


Figure  1.  Exploded  view  of  the 
MEMS  5-sensor  probe. 


228 


mounting  stage  is  the  most  difficult  piece  to  fabricate,  as  it  has  features  requiring  the  smallest 
of  tools  and  the  highest  precision  of  location.  Figure  2  below  shows  the  stage  in  detail.  The 
stage  is  2  mm  diameter  brass,  approximately  1  mm  thick.  The  pocket  is  0.005  inches  deep, 
and  is  machined  with  a  0.010”  diameter  cutter,  as  are  the  four  slots.  The  pocket  comers  are 
cleared  to  allow  the  MEMS  array  to  be  accurately  positioned  relative  to  the  outside  diameter 
of  the  stage.  The  slots  for  the  wiring  ribbons  go  completely  through  the  stage,  to  allow  access 
to  the  soldering  pads  on  the  wires  from  the  MEMS  array.  The  stage  plays  a  crucial  role  in  the 
assembly  of  the  probe  components.  The  MEMS  array,  the  sealing  tubes,  and  the  tip  of  the 
probe  are  placed  relative  to  the  outside  diameter  of  the  stage,  which  also  serves  as  the  final 
connection  to  the  probe  housing,  after  the  sensor  wires  are  connected.  Each  of  the  pressure 
sensors  must  be  coupled  with  its  corresponding  hole  in  the  tip,  with  no  chance  of  leakage  or 
cross-talk  between  ports.  This  is  accomplished  by  sealing  all  of  the  tubes  to  the  MEMS  array 
in  one  epoxy  setting,  then  sealing  the  tip  to  the  tubes  in  a  separate  epoxy  setting.  A  fixture  is 
used  to  accurately  position  the  tubes  on  the  MEMS  array,  holding  the  tubes  by  their  inside 

diameter,  so  the 
epoxy  can  be  placed 
around  the  outside 
diameter  of  each 
tube.  After  the  epoxy 
has  cured,  the  tip  is 
fitted  over  the  ends  of 
the  tubes  and  new 
epoxy  is  placed 
around  the  outside  of 

each  tube  before  completing  the  joint. 


The  MEMS  pressure  sensors  used  in  this  project  are  surface 
micromachined  and  contain  bossed  diaphragm  structures  for 
improved  sensitivity.  In  last  year’s  progress  report,  initial 
pressure  sensor  designs  and  testing  results  were  presented. 
Currently,  the  knowledge  gained  from  those  tests  is  used  to 
design  and  fabricate  a  pressure  sensor  skin  in  the  shape  of  a 
cross.  The  layout  (some  layers  hidden  for  the  sake  of  clarity) 
for  the  skin  is  shown  in  Figure  3.  The  central  square  is 
approximately  1.2  mm  on  a  side  and  contains  5  pressure 
sensors  (shown  as  white  squares).  Each  sensor  sits  atop  a 
silicon  island,  but  the  arms  of  the  cross  are  composed  entirely 


Figure  3.  Layout  of  the 
pressure  sensor  skin. 


of  polyimide  and  metal  lines  and  are  completely  flexible. 
United  Micromachines  is  currently  finishing  up  the  5- 
pressure-sensor  flexible  skin  process.  We  have  improved  upon 
our  original  flexible  skin  process  in  the  areas  of  robustness 


and  packaging.  The  original  process  (Jiang  et  al.,  1997)  (simplification  shown  in  Figure  4 
(left))  uses  a  wet  silicon  etch  such  as  TMAH  or  KOH  to  create  the  backside  cavities.  For 


process  compatibility  issues,  this  choice  necessitates  creating  the  cavities  early  in  the  process, 
thus  implying  that  a  relatively  fragile  wafer  be  carefully  handled  through  the  rest  of  the 
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process.  The  new  process  (simplification  shown  in  Figure  4  (right))  uses  deep  reactive  ion 
etching  (DRIE)  to  create  the  cavities  near  the  end  of  the  process,  after  the  sensors  ave  een 
formed.  Thus  the  yield  increases  significantly,  wafer  warpage  issues  are  of  no  concern,  and 

the  processing  is  greatly  simplified. 


1  TMAH  or  KOH  selectively  etches  backside. 

nitride  as  dielectric  layer 


12.  Pattern  backside;  RIE  etches  nitride;  DRIE  etches  Si  to  70  nm  thick. 


JU 


2.  Aluminum/polyimide/aluminum/polyimide  processing  o 

frontside.  ,  .  _ 


13.  DRIE  etches  away  silicon  between  islands;  RIE  removes  nitride, 
Pad  etchant  removes  LTO. 


I  :  ;  ;  -  '■  V 


3.  RIE  etches  backside  using  A1  mask.  Polyimide  processing  on 
backside. 


14.  Spin,  cure  and  pattern  polyimide  on  the  backside.  Electroless  plate 
nickel/gold  on  the  backside  pads. 


Figure  4.  (left)  Simplified  process  flow  for  original  flexible  skin,  (right)  Improved  process 
flow  using  DRIE,  backside  contacts,  and  electroless  plating. 

Another  important  innovation  is  the  fabrication  of  backside  contacts  on  the  flexible  skin.  In 
short,  the  aluminum  metalization  is  sandwiched  between  top  and  bottom  layers  of  polyimide. 
We  open  up  the  bottom  layer  and  use  electroless  gold  plating  to  deposit  a  composite  layer  ot 
r  nickel  and  gold  on  top  ot 

I  K  the  aluminum.  The  top 

|PCB  „  ••  layer  of  gold  is  then  easily 

attached  to  other 
packaging  by  means  of 
solder  paste,  for  example. 
This  technology  can 
simplify  packaging 

immensely,  as  it 
minimizes  hand  assembly. 

_ _ _ _  A  conceptual  drawing  of 

this  bond  is  shown  in  Figure  5  (left),  and  an  example  of  a  packaged  shear  stress  sensor  skin 
using  all  of  the  above-mentioned  technologies  is  shown  in  Figure  5  (right). 


Figure  5.  (left)  Conceptual  drawing  of  new  packaging  technology, 
(right)  Picture  of  a  shear  stress  sensor  flexible  skin  packaged  on  a 
flexible  PCB  using  all  of  the  above  mentioned  technologies. 


PROBE  CALIBRATION  .  ..  .  , 

The  unsteady  flow  around  a  probe  may  be  considered  to  contain  apparent  mass/mertial, 
circulation  induced  lift,  dynamic  stall  as  well  as  dynamic  boundary  layer  effects.  In  the  present 
implementation,  dynamic  flow  behaviour  is  assumed  to  be  dominated  by  inertial  or  apparent 
mass  effects;  these  are  accounted  for.  The  pressure  measured  at  each  port  on  the  probe  is 
decomposed  into  a  steady  and  an  inertial  term,  where  the  steady  term  is  determined  from  a  static 
calibration,  and  the  inertial  term  is  estimated  using  inviscid  theory  as  follows  from  the  unsteady 
Bernoulli  equation  (ignoring  rotations  of  the  body  coordinate  system)  i.e., 


A P 
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where  the  first  two  terms  on  the  right  hand  side  constitute  the  steady  component,  and  the  third 
term,  the  unsteady  component.  The  solution  methodology  to  account  for  the  inertial  effect  is  as 
follows  (subscript  i  goes  from  1  to  5  and  indicates  the  specific  port  on  the  probe  tip). 

(i)  pressure  is  decomposed  into  Pi=Pi'+Pinertiai,  where  pi'  may  be  considered  the  steady  pressure. 

(ii)  assume  initially  that  pp  pi',  i.e.  that  pinertiai =  0  . 

(iii)  using  the  current  p/  values,  calculate  velocities,  flow  angles,  etc  using  steady  calibration 

methodology. 

(iv)  find  the  perturbation  potential,  <j),  at  each  port  of  the  probe. 

(v)  find  ii  =>  iv  for  all  of  the  time  series. 

(vi)  find  d<j>/dt  using  time  series. 

(vii)  find  inertial  term  at  each  port  on  probe  using  Bernoulli's  equation,  i.e.,  Pinertiai =  -pd<|>/dt. 

(viii)  pi'  =  steady  pressure  =  pi  -  partial- 

(ix)  go  to  (iii)  and  iterate  until  (p;')1*1  -  (pi')n  <  a  prescribed  small  value. 


Prediction  of  axial  flow  past 
a  hemispherical-cylinder 


Prediction  of  transverse  flow  past 
a  hemispherical-cylinder 


Figure  6 .  Perturbation  potential 
on  probe  tip.  (upper)  axial  flow, 
(lower)  transverse  flow. 


Naturally,  in  implementation  of  the  correction  procedure, 
accurate  determination  of  the  potential  on  the  probe  face 
is  essential.  Matsunaga  et  al.  used  a  distribution  of 
singularities  (doublets)  along  the  axis  of  the  probe  to 
model  the  hemisphere-cylinder  representation  of  the 
probe.  However,  for  this  type  of  body,  an  axial 
distribution  of  singularities  does  not  yield  an  accurate 
representation  of  the  flow,  essentially  due  to  a 
discontinuous  second  derivative  of  the  surface. 

In  the  present  study,  the  surface  singularity  method  was 
used  to  model  the  flow  despite  a  significant  increase  in 
complexity  and  computational  expense.  As  Laplace's 
equation  is  linear,  the  perturbation  potential  due  to 
axial  flow  and  that  due  to  transverse  flow  can  be 
decomposed  and  solved  independently.  To  reduce  the 
computational  cost,  different  methods  were  used  for  the 
axial  and  transverse  flow  solutions.  The  potential  due  to 
axial  flow  was  determined  using  the  surface  vortex  ring 
method  of  Landweber8.  The  surface  velocities  were 
integrated  to  yield  the  potential.  To  ascertain  the 
accuracy  of  the  present  scheme,  results  were  compared 
with  those  of  Vandrey,  who  used  a  somewhat  more 
complicated  surface  vortex  ring  formulation.  The 
presented  data  is  for  a  hemispherical  cylinder.  60  nodes 
were  used  in  the  present  method.  As  may  be  seen  in 
figure  6  (upper),  the  agreement  between  the  present 
method  and  that  of  Vandrey  is  very  good.  A  typical  run 
time  for  60  nodes  was  of  the  order  of  5  sec  on  a  Pentium 
class  machine.  The  cross  flow  potential  was  determined 
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using  the  method  of  Lotz9,  which  uses  surface  sources.  The  greater  complexity  of  this  method 
resulted  in  a  typical  run  taking  of  the  order  of  60  secs.  Figure  6  (lower)  shows  comparisons 
between  the  present  method  and  that  of  Vandrey.  120  nodes  were  used  in  the  solution,  with  30 
nodes  placed  on  the  hemispherical  head.  The  figure  shows  that  the  present  prediction  methods 
closely  matches  the  numerical  results  due  to  Vandrey.  The  potential  has  been  reduced  by  the 
transverse  flow  velocity  and  <j>,  the  angle  from  the  transverse  flow  attachment  line  to  the  point 
of  interest.  Decomposition  of  the  potential  into  the  axial  and  transverse  components  allows 
the  determination  of  the  total  potential  for  any  freestream  orientation.  Consequently,  the 
apparent  mass/unsteady  term  in  Bernoulli’s  equation  (3<|>^t)  can  be  readily  evaluated. 

COLLABORA  TIONS,  TECHNOLOGY  TRANSITION  AND  FUTURE  PLANS 
We  are  working  closely  with  Dr.  Avi  Seifert  at  NASA  Langley  on  the  experimental 
calibration  of  the  probe.  We  are  in  the  process  of  preparing  an  invention  disclosure  to  Texas 
A&M  which  will  transition  to  a  patent  funded  by  Aeroprobe  Corp.  who  have  indicated  very 
strong  interest  in  marketing  the  technology.  In  terms  of  future  plans,  once  the  5-sensor  probe 
is  completed,  we  will  proceed  with  the  development  of  a  MEMS-based,  spherical,  omni¬ 
directional  pressure  probe  that  will  overcome  the  angularity  limitations  of  the  5-sensor  probe. 
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Abstract 

The  long  term  objective  of  this  program  is  to  develop  the  requisite  technologies  for 
integrating  different  sensors  and  actuators  in  desired  combinations  with  electronics  and 
telemetry  on  the  same  substrate.  This  is  a  multi-year  program.  We  are  now  in  the  middle 
of  the  third  year. 

Our  concentration  so  far  has  been  on  wall-shear-stress  sensors.  To  date  we  have 
produced  and  calibrated  floating  element  wall-shear-stress  sensors,  both  active  and 
passive.  We  have  developed  a  calibration  channel  and  a  calibration  procedure  based  on 
continuum  isothermal  compressible  channel  flow.  We  have  also  developed  and  tested  a 
wall-shear-stress  sensors  with  integrated  electronics  initially  based  on  the  Analog  Devices 
Inc.  (ADI)  airbag  accelerometer  circuitry,  and  more  recently  on  one  developed  at  CWRU. 

This  year’s  work  continued  the  emphasis  on  the  accuracy  of  the  calibration  process.  We 
are  trying  to  reduce  the  uncertainty  of  measurement  from  the  past  estimate  of  5%  to  a 
goal  of  1%.  We  have  also  continued  our  work  toward  the  development  of  shear- stress  and 
pressure  sensors  on  the  same  chip. 

Past  Work 

Prior  to  the  start  of  this  grant,  we  built  a  new  calibration  channel  satisfying  the 
requirements  for  non-leakage,  non-choking,  and  having  appropriate  pressure  and 
temperature  measurements.  The  pressure  measurements  are  required  to  evaluate  the 
shear  stress  and  the  temperature  measurements  are  to  assure  the  isothermal  character  of 
the  flow.  It  has  been  shown  in  our  past  work  that  in  order  to  separate  shear  forces  on  the 
sensor  element  from  pressure  forces  on  the  edge  of  the  element,  it  is  necessary  to  know 
the  pressure  gradient  in  the  flow  at  the  sensor  location  both  during  calibration  and  in 
operation. 
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The  major  new  effort  of  the  first  year  of  the  grant  was  the  development  of  a  chip  that  has 
both  shear-stress  sensors  and  pressure  sensors  together  with  on-chip  circuitry.  Based  on 
our  prior  design  experiences,  the  shear-stress  sensor  floating  element  has  been  optimized 
for  sensitivity  without  compromising  its  strength.  There  are  two  pressure  sensors 
respectively  at  the  upstream  and  downstream  ends  of  the  chip.  To  insure  a  good 
measurement  of  the  pressure  difference,  the  reference  sides  of  the  two  pressure  sensors 
are  connected  to  each  other  by  a  small  micromachined  channel.  The  fabrication  of  this 
chip  is  a  five-mask,  two-polysilicon-layer  surface  micromachining  process. 

For  reasons  unknown  to  either  principal  investigator,  the  shear  stress  sensor  was  removed 
from  the  design  prior  to  fabrication.  The  remaining  pressure  sensor  with  on-chip  circuitry 
is  described  below. 

Current  Work 

1.  Improving  accuracy  of  the  calibration  process 

In  an  effort  to  improve  the  accuracy  and  reduce  the  uncertainty  in  the  calibration  process, 
each  element  of  the  procedure  was  investigated  in  detail.  The  basic  calibration 
relationship  is 


r  =  -  (b/2)(dp/dx)(l  -  yM2 ) 

where  b  is  the  height  of  the  channel,  dp/dx  is  the  measured  pressure  gradient  at  the  sensor 
location,  y  is  the  ratio  of  specific  heats  of  the  test  gas  (nitrogen)  and  M  is  the  Mach 
number  at  the  sensor  location.  During  the  past  year,  we  have  had  our  rotameters 
recalibrated  by  the  manufacturer  so  that  our  Mach  number  determination  is  within  1%. 
The  pressure  measuring  circuits  have  been  cleaned  out  and  now  give  reliable  readings. 
Since  it  is  the  pressure  gradient  that  is  required,  the  absolute  value  of  pressure  is  of  lesser 
importance,  but  we  are  trying  to  get  an  independent  verification  of  the  pressure  transducer 
calibration.  The  largest  inaccuracy  is  in  the  measurement  of  the  channel  height,  b.  Since 
this  height  is  if  the  order  of  200  pm,  it  is  not  measurable  within  1%  by  any  standard 
means.  It  is  difficult  to  bring  a  microscope  to  the  channel  or  vice-versa. 

We  have  instead  used  the  microwave  technique  called  “Microstrip”  (Pozar,  David  M.: 
Microwave  Engineering,  2nd  Ed.,  Wiley,  1998,  pp.160  ff).  A  gold  microstrip  line  is 
printed  on  the  glass  cover  plate  of  the  channel.  The  metal  bottom  of  the  channel  is 
grounded.  The  transmission  frequency  that  minimizes  the  reflected  signal  is  directly 
related  to  the  gap  between  the  glass  and  the  metal.  Our  measurements  indicate  a 
sensitivity  of  about  ±  3pm  which  is  about  ±1.5%  for  a  channel  height  of  200  pm.  We 
believe  our  overall  uncertainty  now  to  be  about  ±  2%. 

We  are  now  in  the  process  of  calibrating  new  floating  element  sensors  with  on  chip 
electronics.  We  tried  to  calibrate  a  strip  of  surface  hot-wire  sensors  received  earlier  from 
Ho  and  Tai  (UCLA/Caltech),  but  did  not  succeed  because  of  difficulties  with  the 
supporting  electronics. 
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2.  Fabrication  of  monolithically  integrated  surface  microniachined  capacitive 
pressure  sensor 

Capacitive  pressure  sensors  have  been  developed  for  industrial  applications  for  many  years 
with  their  advantages  of  high  sensitivity,  low  temperature  drift,  robust  structure  and 
relative  insensitivity  to  environmental  effects.  The  out  put  capacitance  of  miniaturized 
sensors  is  normally  a  few  pF  to  less  than  1  pF  and  is  very  susceptible  to  parasitic  effects. 
In  order  to  detect  such  small  capacitances,  a  well-matched  readout  circuit  is  required  and 
it  has  to  be  placed  as  close  as  possible  to  the  sensor.  Therefore  on-chip  integration  of 
sensors  with  their  interface  circuits  is  significantly  important  in  this  application. 

A  monolithically  integrated  touch  mode  capacitive  pressure  sensor  has  been  fabricated 
successfully  by  surface  micromachining  technology  based  on  a  conventional  2.0-mm 
double-poly,  double-metal  n-well  CMOS  process.  The  CMOS  interface  circuits  include 
the  capacitance/voltage,  capacitance/frequency  conversion,  and  temperature  compensation 
circuits  on  the  same  chip.  The  yield  of  both  sensors  and  circuits  exceeds  80%.  Results 
indicate  that  the  CMOS  interface  circuit  works  properly  with  the  sensors.  There  is  no 
obvious  shift  in  threshold  voltage  observed  after  the  additional  sensor  fabrication  steps  are 
added  in  the  CMOS  process.  Measurement  results  are  in  agreement  with  simulation 
results.  Since  the  membrane  thickness  and  cavity  depth  can  be  very  well  controlled, 
devices  can  be  designed  with  this  technology  for  different  pressure  ranges,  higher 
sensitivity,  or  better  overpressure  protection.  The  technology  also  allows  inexpensive 
batch  fabrication  and  integration  of  sensors  with  dedicated  signal  detection  circuits. 


Continuation  Effort 

The  continuation  work  will  include  further  work  on  the  integration  of  the  sensor  elements 
with  circuitry  on  the  same  chip.  Following  calibration  of  the  sensors  in  our  calibration 
channel,  they  will  eventually  be  tested  on  a  flat  plate  model  in  our  28”  x  28”  wind  tunnel 
and  the  results  compared  with  expectations  from  in-flow  measurements.. 
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Guo  under  the  supervision  of  Prof.  Mehregany  and  Mehul  Patel  under  the  supervision  of 
Prof.  Reshotko. 
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Objectives  and  previous  accomplishments 

The  objective  of  this  project  is  to  develop  a  superior  turbulence  model  for  aerodynamic 
and  propulsion  system  engineering.  Our  approach  incorporates  new  concepts  for  parame¬ 
terizing  turbulence  structure,  such  as  the  “dimensionality”  of  the  turbulence,  which  allow 
representation  of  turbulence  dynamics  with  greater  physical  fidelity  than  afforded  with  cur¬ 
rent  turbulence  models  ([1],  [2],  [3]). 

For  the  past  several  years  we  have  developed  and  explored  these  new  ideas,  drawing  heavily 
on  the  extensive  DNS  database  for  turbulent  flows  now  available  in  the  Center  for  Turbu¬ 
lence  Research  ([6]).  We  showed  why  current  turbulence  models  fail  in  flows  with  strong 
swirl  or  frame  rotation.  We  demonstrated  that,  by  including  new  tensor  parameters  of 
the  turbulence,  more  accurate  prediction  of  homogeneous  turbulence  subjected  to  arbitrary 
rapid  or  slow  mean  strain,  mean  rotation,  or  frame  rotation  could  be  obtained.  Using  these 
ideas,  we  developed  a  Particle  Representation  Model  (PRM)  for  arbitrarily  deformed  homo¬ 
geneous  turbulence  that  is  now  used  by  others  in  pdf-based  codes  for  turbulent  combustion 
([4],  [5]).  The  PRM  is  essentially  a  two-point  model,  which  we  believe  is  at  the  present 
too  computationally  intense  for  general  turbulent  flows  because  Large  Eddy  Simulation 
is  preferred  at  this  computational  intensity.  We  also  developed  some  rather  complicated 
one-point  multi-tensor  models  that  do  a  good  job  for  arbitrarily  complex  distortions  of 
homogeneous  turbulence  ([5],  [8],  [9]). 

Current  focus:  an  algebraic  structure-based  model 

Because  our  one-point  models  including  the  dynamics  of  all  of  the  new  tensors  are  quite 
complex,  we  have  turned  our  attention  to  the  creation  of  an  “affordable”  structure-based 
model  that  draws  upon  many  of  the  ideas  and  the  knowledge  we  have  developed  over  the 
past  several  years.  The  idea  is  to  use  an  algebraic  structure-based  procedure  to  relate  the 
local  turbulent  stresses  Rij  =  u'itj  to  the  local  mean  velocity  gradient  tensor,  the  turbulence 
time  scale  r,  and  the  turbulent  kinetic  energy  k  =  q2/ 2.  In  essence  this  assumes  that 
the  structure  is  in  equilibrium  with  the  local  mean  deformation  and  current  scales,  for 
which  the  body  of  our  earlier  work  provides  some  justification.  Partial  differential  transport 
equations  for  the  kinetic  energy  and  reciprocal  time  scale  to  =  1/r  are  used  to  evolve 
the  slowly  changing  scales  of  the  flow.  Thus,  the  algebraic  structure-based  model  that  is 
now  emerging  from  our  work  is  essentially  a  two-equation  model  with  a  structure-based 
algebraic  relationship  between  the  Rt],  the  mean  flow,  and  the  two  turbulence  scales.  This 
algebraic  relationship  replaces  the  constitutive  equation  based  on  an  eddy  viscosity  (linear 
or  non-linear)  used  in  current  two-equation  turbulence  models. 
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The  algebraic  procedure  for  homogeneous  turbulence 

For  homogeneous  turbulence,  the  structure-based  model  relates  the  normalized  stresses 
nj  =  Rij/q2  to  the  eddy  axis  tensor  atJ,  the  stropholysis  vector  yk,  and  the  eddy  jetal 
parameter  cj).  An  improved  model  under  development  adds  the  eddy  flattening  parame¬ 
ter  fl  and  the  eddy  flattening  tensor  ftJ.  These  quantities  are  determined  from  the  mean 
deformation  rates  and  time  scale  r  using  a  three-step  algebraic  process: 


1.  First,  the  eddy  axis  tensor  a-  that  would  result  under  just  the  mean  strain  rate  Stj 
\(UUj  +Uj,i )  is  calculated  from 


aij  ~  3  + 


(Sfckj  +  Sjkflld  3^mnamn%)r 
ao  +  aiS*S*arpT 


where  S*q  is  the  anisotropic  strain  rate  S*j  —  Sij  —  ^Skk5ij  and  ao  and  a\  are  con¬ 
stants.  By  comparison  with  Rapid  Distortion  Theory  (RDT),  a\  =  2.  ao  is  a  “slow” 
model  constant,  which  we  determine  as  3.8  for  consistency  with  the  eddy  viscosity 
of  standard  k-s  models  in  the  for  arbitrary  weak  deformation. 


2.  Then  the  eddy  axis  tensor  is  computed  by  applying  a  rotation  operator  Hvq  to  a*tj, 


&ik  —  Hin  Hj  m  anrn . 

The  rotation  operator  is  chosen  to  give  the  correct  limiting  eddy  axis  for  shear  flow 
in  a  rotating  frame.  No  empirical  constants  are  involved.  The  idea  of  the  rotation 
comes  from  our  observation  that  the  effects  of  mean  rotation  on  the  eddy  axis  tensor 
and  dimensionality  are  primarily  kinematic.  The  rotation  rate  in  the  frame  is  used  in 
determining  Hpq,  ignoring  the  frame  rotation. 

3.  The  parameters  <f>  and  yk  are  then  modeled  in  terms  of  the  total  rotation  rate,  eddy 
axis  tensor,  and  r.  This  draws  on  our  observation  that  the  velocity  within  an  eddy  is 
affected  dynamically  by  rotation.  One  empirical  “slow”  constant  is  involved. 

4.  The  normalized  stresses  riq  are  then  calculated  using  the  structure-based  algebraic 
relationship.  Because  of  the  multi-step  process,  full  realizability  is  guaranteed. 


Inhomogeneous  turbulence 

For  inhomogeneous  turbulence  we  make  a  further  modification  of  aiq  and  riq  to  account  for 
wall  blockage.  An  elliptic  scalar  equation  is  solved,  from  which  the  wall  blockage  vector  bk 
is  calculated.  This  vector  is  perpendicular  to  the  wall  at  the  wall,  decreases  away  from  the 
wall  at  a  rate  determined  by  the  length  scale  of  the  turbulence,  and  varies  across  the  flow  as 
it  is  influenced  by  other  surfaces,  Then,  the  aiq  and  rtJ  computed  assuming  homogeneity  are 
projected  onto  planes  perpendicular  to  the  wall  blockage  vector  to  obtain  the  wall-corrected 
tensors.  The  net  result  is  that  the  all  have  the  correct  behavior  in  the  near-wall  region 
0 r22  =  0(y 2),  ri2  =  0(y),  rn  -  0(1),  r33  =  0(1)  as  y  =  x2  ^  0),  and  realizability  is 
guaranteed. 
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<jj  equation 

The  approach  above  could  be  used  in  any  two-equation  model.  We  have  chosen  to  use 
ijj  —  1/t  and  then  to  model  e  in  terms  of  k,  co,  and  the  kinematic  viscosity  v.  We  differ 
from  Wilcox  ([7]),  the  pioneer  of  k-co  modeling,  in  three  ways.  First,  we  say  that  for  high 
Reynolds  numbers  e  =  ku,  whereas  he  inserts  a  constant  in  this  model.  More  important, 
we  insist  that  the  changes  in  scales  that  result  from  very  rapid  deformations  must  be  consis¬ 
tent  with  RDT,  which  sets  the  coefficient  of  the  u  production  term.  And  third,  because  we 
have  information  on  the  eddy  structure  through  ay ,  we  have  incorporated  this  information. 
Our  model  displays  material  indifference  to  rotation  in  the  limiting  case  where  the  turbu¬ 
lence  becomes  2D  (eddy  axes  all  aligned)  with  the  axis  of  rotation  aligned  with  the  axis  of 
independence.  No  other  current  turbulence  model  has  this  feature  because  no  other  model 
carries  any  parameterization  of  the  dimensionality  of  the  turbulence. 

Status  of  the  affordable  structure-based  model 

The  basic  new  ideas  for  the  model  are  now  in  hand  for  the  unflattened  eddy  version.  We 
are  testing  the  model  in  a  variety  of  inhomogeneous  flows,  and  will  report  results  at  the 
Contractors  Meeting. 

Eddy  flattening  is  also  straight  forward  but  not  yet  implemented.  Flattening  will  improve 
the  stresses  for  shear  flow,  and  will  enable  us  to  predict  one  of  the  most  remarkable  counter¬ 
intuitive  observations  from  our  past  work;  for  axisymmetric  expansion  flow,  the  stresses  are 
more  anisotropic  if  the  deformation  is  slow  than  if  it  is  rapid! 
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The  objective  of  the  effort  is  to  provide  a  fundamental  understanding  of  the  high 
turbulence  and  unsteady  heat  transfer  and  aerodynamics  encountered  in  the  turbine.  This 
currently  involves  film  cooling  at  high  freestream  turbulence  levels,  aerodynamic  losses 
at  low  Reynolds  numbers  with  active  and  passive  boundary  layer  control  in  low  pressure 
turbines,  Vane-Blade  interaction  effects,  and  new  instrumentation/control  concepts  using 
MEMS  and  MOMS. 

Operation  of  low  pressure  turbines  at  high  altitudes  can  result  in  4  to  6%  loss  in  LP 
turbine  efficiency  or  typically  a  loss  of  1%  in  SFC  at  cruise  altitude  for  a  turbine  designed 
at  sea  level  as  is  illustrated  in  Figure  1.  This  loss  occurs  as  a  result  of  separation  on  the 
suction  surface,  which  becomes  important  at  low  Reynolds  numbers.  The  objective  of 
the  LPT  effort  is  to  accurately  predict  the  separation  and  to  reduce  the  losses  through 
active  and  passive  turbine  boundary  layer  control. 


Figure  1 .  Efficiency  Penalty  for  Low  Reynolds  Number  Operation  of  the  LPT 

This  problem  also  can  arise  in  ground  power  LPT’s  as  is  illustrated  by  the  2  to  4  %  losses 
in  the  Japanese  CGT  turbine  illustrated  below  in  Figure  2. 
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Figure  2.  Loss  Coefficient  Due  to  an  Increase  in  Turbine  Inlet  Temperature  for  a  Ground 
Power  Turbine 

A  2D  cascade  (AR=4)  of  7  highly  loaded  LPT  blades  with  grid  generated  turbulence  of 
4%  has  been  investigated  at  low  Reynolds  Numbers  typical  of  LPT  operation  at  altitude. 
Boundary  layer  profiles  defining  the  location  of  separation  on  the  suction  surface  were 
obtained  and  surface  treatment  applied  ahead  of,  at  and  after  the  separation  location.  The 
loss  coefficient  with  and  with  out  treatment  was  compared.  Treatment  provided  a  58% 
reduction  in  the  loss  coefficient  for  the  passive  treatment  and  a  30%  reduction  for  the 
active  case,  as  is  illustrated  in  Figures  3  and  4  below.  The  loss  coefficients  showed  no 
significant  increase  at  higher  Reynolds  numbers  for  either  passive  or  active  treatments. 
Boundary  layer  control  of  Low  Reynolds  Number  low  pressure  turbine  flows  was 
demonstrated  to  be  effective  with  both  passive  and  active  techniques  (AIAA  99-0242, 
AIAA  99-0367).  The  basic  approach  is  to  apply  longitudinal  vorticity  generated  by 
various  techniques  to  reenergize  the  boundary  layer.  Boundary  layer  and  receptivity 
theory  can  also  be  applied  to  this  problem,  however  current  results  show  that  this  level  of 
detail  is  not  necessary  for  effective  separation  control,  although  this  level  is  also  under 
investigation. 
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Figure  3.  Loss  Coefficient  for  Dimpled  Blades  Figure  4.  Wake  Deficit  for  Blown  Vortex 

Generators 
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Currently  non-steady  active  techniques  (non  steady  blowing)  are  being  evaluated. 
Several  variations  of  piezo  electric  arrays  have  also  been  fabricated  which  will  be  applied 
as  both  active  and  passive  surface  treatments.  Other  longitudinal  vortex  generation 
techniques  to  be  investigated  include  thermal  and  acoustic  mechanisms. 

The  optical  pressure  measurement  efforts  for  the  High  Cycle  Fatigue  program  have 
successfully  demonstrated  Fabry  Perot  devices,  which  can  provide  an  enhanced 
measurement  capability.  Dasgupta,  et  al.  has  demonstrated  an  optical  device  with  a 
frequency  response  of  >  180KHz,  @  30psi,  with  a  resolution  of  >0.05  psi,  and  spatial 
resolution  of  ~lmm.  These  devices  will  now  go  into  a  fan  measurement  demonstration. 
They  should  be  capable  of  resolving  wakes  quite  well.  In  another  effort  Physical 
Sciences  has  fabricated  and  demonstrated  4x4  arrays  in  which  Fabry  Perot  Silicon 
sensors  are  activated  and  interrogated  externally.  The  next  step  will  be  to  fabricate  larger 
arrays,  multiplex  them,  apply  to  3D  surfaces,  and  provide  simultaneous  temperature 
measurements. 


Pr***ur*  <p«i> 


Figure  5.  Calibration  of  MOMS  Against  a  Kulite 


Figure  6.  Frequency  Response  of 
MOMS  in  Shock  Tube 


Work  has  continued  on  the  leading  edge  film  cooling  CRDA  with  Pratt  with  the  submittal 
of  a  draft  final  Report  in  January.  A  similar  effort  with  GE  is  anticipated  to  be  initiated 
and  completed  this  year.  A  new  joint  APD,  AFIT,  and  Mississippi  State  effort  for  the 
investigation  of  roughness  effects  on  performance  and  lifetime  of  ground  power  turbines 
was  initiated  with  AGTSR  in  February.  A  F18EF/F22  carbon/carbon  heat  exchanger  will 
be  tested  at  APD  late  this  year.  Professor  Pavo  Sepri  from  the  Florida  Institute  of 
Technology  studied  the  differences  between  rod  and  vane  simulations  using  Allison’s 
Vane  Blade  Interaction  program  under  the  AFOSR  Summer  Faculty  program  at  APD. 
Two  PhD’s  defended  their  work  this  year,  Capt.  James  Lake,  AFIT  and  Marc  Polanka 
(Palace  Knight),  University  of  Texas. 

This  work  was  sponsored  (in  part)  by  the  Air  Force  Ofice  of  Scientific  Research,  USAF, 
under  Task  2307B/W.  The  views  and  conclusions  contained  herein  are  views  of  the 
authors  and  should  not  be  interpreted  as  necessarily  representing  the  official  policies  or 
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endorsements,  either  expressed  or  implied,  of  the  Air  Force  Office  of  Scientific  Research 
or  the  U.S.  Government. 
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Abstract 

Trailing-edge  modifications  in  a  rectangular  Mach  2  nozzle  with  an  aspect  ratio  3  was  used 
to  explore  passive  mixing  enhancement  capabilities  of  these  modifications  in  various  flow 
regimes.  The  results  revealed  that  1)  the  trailing  edge  modifications,  that  are  in  the  plane  of 
the  nozzle,  do  not  affect  the  thrust  force,  2)  the  spanwise  surface  pressure  gradient  set  up  by 
the  trailing  edge  modifications  is  the  main  source  of  streamwise  vortices,  and  3)  by  proper 
design  and  arrangement  of  trailing  edges,  one  can  change  the  level  and  rate  of  mixing  and 
thus  perhaps  the  level,  directivity,  and  frequency  content  of  generated  noise.  Sample  results 
will  be  presented  here.  Detailed  results  can  be  found  in  Kim  and  Samimy  (1999). 

Introduction 

Large  scale  turbulence  structures  in  the  mixing  layers  of  high  speed  jets  are  responsible  for 
gross  mixing  between  the  jet  fluid  and  the  ambient  air,  and  are  also  the  main  source  of  jet 
noise.  Controlling  infrared  signature  of  the  jet  can  be  achieved  by  controlling  the 
characteristics  of  large  scale  structures  and  thus  mixing  of  the  jet  with  ambient  air. 
Controlling  jet  noise  can  also  be  achieved  by  controlling  the  characteristics  of  large  scale 
structures.  However,  it  has  been  known  for  over  a  decade  that  it  is  difficult  to  control 
spanwise  or  ring-type  vortical  structures  in  highly  compressible  supersonic  mixing  layers 
because  of  their  three-dimensional  nature  and  lack  of  organization  (Samimy  et  al.  1992  and 
Clemens  and  Mungal  1992).  In  highly  compressible  mixing  layers,  these  lead  to  reduced 
entrainment  and  mixing  (Papamoschou  and  Roshko  1988),  and  also  to  reduced  Reynolds 
stresses  (Samimy  and  Elliott  1990  and  Goebel  and  Dutton  1991).  In  contrast  to  these  large 
scale  structures,  the  streamwise  vortices  do  not  seem  to  be  much  affected  by  the 
compressibility  (Elliott  et  al.  1992,  Samimy  et  al.  1993,  Zaman  et  al.  1994,  and  Reeder  and 
Samimy  1996).  Thus,  generating  streamwise  vortices  appears  to  be  an  effective  way  to 
enhance  mixing  and  to  reduce  noise  in  supersonic  jets. 

In  the  past,  several  techniques  have  been  explored  to  generate  streamwise  vortices  for  mixing 
enhancement  and  noise  reduction  purposes  (reviewed  in  Gutmark  et  al.,  1995).  Tabs,  as 
streamwise  vortex  generators,  have  been  found  to  be  effective  devices  in  reducing  jet  noise 
and  enhancing  mixing  not  only  in  subsonic  but  also  in  supersonic  axisymmetric  jets  (Ahuja 
and  Brown  1989,  Samimy  et  al.  1993,  and  Zaman  et  al.  1994).  The  generated  streamwise 
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vortices  by  half-delta  wings  resulted  in  significantly  enhanced  mixing  in  Mach  number  0.6 
circular  jets  (Surks  et  al.  1994)  and  rectangular  jets  (Rogers  and  Parekh  1994).  Although  the 
use  of  tabs  or  vortex  generators  to  enhance  mixing  and  to  reduce  noise  is  effective  in 
subsonic  and  supersonic  flows,  it  results  in  thrust  losses  due  to  the  blockage  effects  of  the  tabs 
or  vortex  generators. 

An  alternative  technique  for  generating  streamwise  vortices  to  enhance  mixing  and  to  reduce 
noise  is  the  use  of  trailing  edge  modifications.  Samimy  et  al.  (1998)  have  shown  that  mixing 
in  a  rectangular  supersonic  jet  can  be  significantly  enhanced.  The  most  recent  results  in 
supersonic  rectangular  jets  (Kim  and  Samimy  1999),  reveal  that  1)  the  trailing  edge 
modifications  do  not  affect  the  thrust  force,  2)  the  spanwise  surface  pressure  gradient  set  up 
by  the  trailing  edge  modifications  is  the  main  source  of  streamwise  vortices,  and  3)  by  proper 
design  and  arrangement  of  trailing  edges,  one  can  change  the  level  and  rate  of  mixing  and 
thus  perhaps  the  level,  directivity,  and  frequency  content  of  generated  noise.  Sample  results 
will  be  presented  here.  Detailed  results  can  be  found  in  Kim  and  Samimy  (1999). 

Results 

A  short  summary  of  major 
findings  in  four  categories  will 
be  presented  here.  Schematics 
of  the  nozzle  and  the  modified 
trailing  edges  used  in  the 
present  work  are  shown  in  Fig. 

1. 

1.  Thrust  measurements:  A 

one-component  thrust 
measuring  system  was  designed, 
constructed,  and  used  to  find 
out  the  effects  of  trailing  edge 
modifications  on  the  thrust 
force.  The  results  shown  in  Fig. 

2  indicate  that  none  of  the  many 
trailing  edges  examined  had  any 
effect  on  the  thrust  force  and  all 
the  data  from  various  cutouts 
fall  on  top  of  each  other.  This 
is  very  important  from  practical 
stand  point,  and  makes  the 
trailing  edge  cutouts  very 
attractive  to  aircraft  industry. 

Figure  1  Schematics  of  the  nozzle  and  the  modified  trailing  edges. 


(b)  Baseline  trailing  edge  and  modifications  OS,  OC,  RS,  and  RC  from  left  to  right 


(c)  Nozzle  OS-OS  (d)  Nozzle  OC-OS  (e)  Nozzle  OC-OC 


(f)  Nozzle  RS-RS  (g)  Nozzle  RC-RS  fh)  Nozzle  RC-RC 
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2.  Generation  of  large  scale 
streamwise  structures:  From  the  jet 
cross-sectional  images,  such  as  those  in 
Fig.  3,  it  is  obvious  that  these  trailing 
edge  cutouts  generate  strong 
streamwise  vortices  in  the 
underexpanded  flow  regime,  relatively 
weak  streamwise  vortices  in  the 
overexpanded  flow  regime,  and  no 
streamwise  vortices  in  the  fully 
expanded  flow  regime.  It  should.be 
mentioned  that  in  order  to  simplify  the 
problem,  and  to  make  it  easy  to  identify 
streamwise  vorticity  sources,  the 
cutouts  in  these  experiments  were  on 
the  extension  plates,  that  were  attached 
to  the  nozzle,  or  were  on  the  splitter 
plate  itself.  Therefore,  in  the  fully 
expanded  flow  regime,  the  flow 
expanded  to  the  ambient  pressure 
before  the  cutouts.  Currently  we  are  in 
the  process  of  incorporating  the 
cutouts  into  the  design  of  the  nozzle, 
similar  to  the  practical  cases,  in  which 


B-B 


RC-RC 


0 

n 

0 
%  r 

u 

j  \ 

A 

< 

1  J 

'  \ 

It 

<  > 

1  1 

L  •> 

1  J 

(*  1 

'! 

c  J 
c  1 

1 1 

C  0 

Figure  2  Variation  of  thrust  force  with  jet  Mach  number  for 
various  nozzle  trailing  edges 

the  flow  will  interact  with  the  cutouts  while  still 
expanding.  In  these  situations,  we  expect  to 
see  the  effects  of  cutouts  even  in  the  ideally 
expanded  flow  regime.  It  should  also  be 
noted  that  these  images  visualize  only  a 
portion  of  the  mixing  region  that  has 
sufficient  condensed  water  particles, 
generated  due  to  the  mixing  of  the  moist 
ambient  air  with  dry  and  cold  jet  air. 
Therefore,  in  cases  where  the  streamwise 
vortices  are  imbedded  in  the  mixing  regions 
(such  as  those  in  nozzles  RS-RS,  RC-RS,  & 
RC-RC  in  the  underexpanded  flow  regime), 
they  can  be  easily  identified.  In  cases  where  the 
streamwise  vortices  are  at  the  edges  of  the 
mixing  region,  these  vortices  cannot  be 
visualized,  but  their  effect  on  the  mixing  layer 
leaves  no  doubt  about  their  presence  and  strength 
(such  as  those  in  nozzles  OS-OS,  OC-OS,  &  OC- 
OC  in  the  underexpanded  flow  regime). 

Figure  3  Average  cross-sectional  jet  images  at 
x/Deq  =  1  for  Mj  =  1.75,  2.0,  2.5  from  left  to  right. 
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Normalized  mixing  area 


Figure  4  Spanwise  pressure  gradient  for  RC  cutout  at  different 
flow  regimes 


3.  Streamwise  vorticity 
generation  mechanisms: 

Originally,  the  suspects  were  a) 
shedding  of  vorticity  in  the 
boundary  layer,  b)  baroclinic 
torque  due  to  potential 
misalignment  of  density  and 
pressure  gradients,  and  c)  spanwise 
surface  pressure  gradients  due  to 
the  cutouts. 
Our  most  recent  surface  flow 
visualizations  and  surface  pressure 
measurements,  Fig.  4,  indicate  that 
the  last  mechanism,  namely  the 
spanwise  pressure  gradient,  is  the 
main  source  of  streamwise 
vorticity.  The  results  show  that 
there  is  negligible  spanwise 
pressure  gradient  on  the  cutouts  in 
the  fully  expanded  case  (as 
expected),  small  gradient  in  the 
overexpanded  case  due  to  flow 
separation,  but  very  strong  gradient 
in  the  underexpanded  case.  Note 
that  the  surface  pressure  gradient 
must  be  in  the  vicinity  of  the  edge  of 
a  trailing  edge  in  order  to  be  effective. 


A:  Baseline  nozzle  *:  Nozzle  RS-RS 
n:  Nozzle  OS-OS  •:  Nozzle  RC-RS 

Nozzle  OC-OS  *:  Nozzle  RC-RC 

y;  Nozzle  OC-OC _ 


Number  of  nozzle  exit  equivalent  diameters,  x/Deq 


Figure  5  Variation  of  mixing  level  with  streamwise 
direction  for  M=2.5. 


Simple  calculations  also  show  that 
probably,  mechanisms  a)  and  b)  are 
negligible  in  the  current  flow  conditions. 
Note  that  incorporating  the  cutouts  into  the 
nozzle  block  probably  will  set  up  spanwise 
surface  pressure  gradient  even  in  the  fully 
expanded  flow  regime. 

4.  Control  of  strength  of  streamwise 
vortices  and  their  interactions:  There 
is  a  considerable  interest  on  whether  one 
can  control  the  strength  of  these  vortices 
and  the  interaction  between  them  and 
thus  to  control  mixing  level  and  rate,  and 
also  noise  level  and  perhaps  noise 
frequency  content  and  directivity.  Our 
results  indicate  that  this  kind  of  control 
is  quite  possible.  As  shown  in  Fig.  3, 
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the  cutouts  with  edges  in  the  streamwise  direction  (e.g.  nozzles  RS-RS,  RC-RS,  &  RC-RC) 
generate  stronger  streamwise  vortices  than  the  cutouts  with  oblique  edges  (e.g.  nozzles  OS- 
OS,  OC-OS,  &  OC-OC).  In  the  first  set  of  configurations,  the  vorticity  induced  by  the  surface 
pressure  gradient  is  already  aligned  with  the  streamwise  direction,  while  in  the  second  set,  the 
induced  vorticity  has  to  go  through  a  tilting  process  to  convert  to  streamwise  vorticity  -  thus 
the  streamwise  vortices  generated  by  the  first  configurations  are  stronger  than  those  induced 
by  the  second  set.  On  the  other  hand,  the  induced  vortices  by  the  first  set  are  much  closer  to 
each  other  and  thus  could  destructively  interact  with  each  other  very  close  to  the  jet  exit  (e.g. 
nozzle  RS-RS),  while  in  the  other  set,  the  vortices  are  far  apart  and  do  not  interact  until  much 
farther  downstream.  This  gives  one  a  control  mechanism  to  force  the  vortices  to  interact 
earlier  or  later  and  thus  to  start  the  breakdown  process  of  larger  structures  to  smaller 
structures  or  the  energy  cascading  process  earlier  or  later  in  the  jet  development.  This 
obviously  has  important  ramifications  in  both  jet  mixing  level  and  rate,  and  also  jet  noise 
level  and  frequency  content.  Figure  5  shows  the  normalized  mixing  areas  obtained  from  flow 
visualization  results  similar  to  the  one  in  Fig.  3.  Comparing  the  mixing  level  and  rate  for 
nozzles  OS-OS  and  RS-RS,  for  example,  makes  this  point  very  clear. 

We  have  not  looked  at  the  noise  frequency  content  as  we  did  not  have  an  anechoic  chamber. 
But  we  just  designed  and  built  a  very  high  quality  anechoic  chamber  with  full  optical  access 
and  are  in  the  process  of  looking  at  the  noise  aspect  in  detail  soon. 
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Abstract.  Recent  experiments  at  ASU  on  the  stability  and  transition  of  swept-wing 
boundary  layers  have  shown  that  under  certain  flow  conditions,  properly  selected  surface 
roughness  elements  can  significantly  delay  transition1'2.  These  roughness  elements  are 
typically  6-18  pm  high  and  2-4  mm  in  diameter  and  are  placed  near  the  attachment  line 
of  the  swept  airfoil  where  the  boundary-layer  thickness  is  of  the  order  of  600  pm.  The 
present  effort  uses  surface-mounted  metal  foils  that  cover  3  mm  diameter  holes.  The 
holes  are  pressurized  and  a  micron-sized  bubbles  duplicate  the  previous  results  and  pro¬ 
vide  a  versatile  scheme  for  changing  the  roughness  pattern  and  height  as  flow  conditions 
change.  The  control  of  the  bubble  displacement  will  be  implemented  with  commercially 
available  MEMS  valves  and  pressure  regulators.  This  technique  is  a  significant  change 
from  the  silicon-based  technique  reported  on  a  year  ago.  New  methods  for  transition  de¬ 
tection  developed  during  ASU  experiments3 — using  surface-mounted  hot-film  arrays  and 
proper  orthogonal  decomposition  (POD)— will  give  real-time  analysis  of  transition  loca¬ 
tion.  The  experiments  will  be  supported  by  ASU-developed4,  nonlinear  PSE  computations 
to  predict  the  unstable  growth  prior  to  transition. 

Introduction.  The  control  of  laminar-turbulent  transition  is  still  one  of  the  important 
challenges  of  aerodynamics.  The  problems  extend  from  low-Reynolds-number  inlet  de¬ 
sign  of  high-altitude  hypersonic  air  breathers  to  the  design  of  long-range  transports  to  the 
reduction  in  heat  transfer  in  gas  turbines.  Of  particular  importance  is  transition  within 
three-dimensional  boundary  layers  characteristic  of  swept  wings  and  swept  turbine 
blades.  The  combination  of  sweep  and  pressure  gradient  produces  a  crossflow  within  the 
boundary  layer  that  perpendicular  to  the  inviscid  streamlines.  The  crossflow  profile  is  in¬ 
flectional  and  has  an  instability  that  manifests  itself  as  streamwise-oriented,  co-rotating 
vortices  that  may  be  either  traveling  or  stationary.  Whereas  linear  theory  predicts  that  the 
traveling  waves  are  more  unstable,  stationary  waves  dominate  in  low-turbulence  envi¬ 
ronments1.  In  contrast  to  streamwise  instabilities  (T-S  waves),  crossflow  waves  are  insen¬ 
sitive  to  sound  but  sensitive  to  freestream  turbulence.  They  are  also  insensitive  to  2-D 
roughness  and  sensitive  to  3-D  roughness.  The  sensitivity  to  3-D  roughness  is  such  that 
the  boundary  layer  responds  to  values  of  Rek  less  than  1 .  The  transition  control  results  of 
Saric  et  al.2  can  be  summarized  in  following  table.  At  a  chord  Reynolds  number  of  2.4 
million: 
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Roughness  height 

Spacing 

Transition  location 

[pm] 

[mm] 

x/c 

0.2 

random 

65% 

6 

1 2  (most  unstable) 

45% 

6 

8 

>80% 

48 

8 

>70% 

Basically  the  nonlinear  response  of  the  streamwise  vortices  creates  harmonics  in 
wavenumber  space  but  not  subharmonics.  One  introduces  higher  wavenumber  distur¬ 
bances  that  initially  grow  and  inhibit  the  growth  of  lower  wavenumber  disturbances.  The 
higher  wavenumber  disturbances  then  decay,  leaving  nothing. 

Swept-Wing  Model.  Based  on  the  already  successful  experiments  at  ASU1'2,  we  fabri¬ 
cated  a  new  model  called  the  Dynamic  Flow  Control  swept  wing  (DFC).  This  45°  swept 
model  has  the  capabilities  for  (1)  pure  Crossflow  (C-F)  dominated  transition  in  acceler¬ 
ated  flow,  (2)  combined  weak  C-F  and  weak  T-S  in  a  region  of  a  flatCp ,  and  (3)  strong 
T-S  and  weak  C-F  in  the  pressure  recovery  region.  Figure  2  shows  the  airfoil  profile  and 
the  C  for  a  =  -3°.  The  profile  is  a  modification  of  NACA-67-1-015  and  Fig.  2  shows  that 
it  generates  significant  C-F  for  these  experiments.  The  designation  for  this  airfoil  is  ASU 
(67)-0315. 

The  model  is  made  of  a  solid  foam  core  with  a  fiberglass  skin.  Solid  aluminum  is  used  in 
the  leading  edge  region  to  control  background  roughness.  The  tolerances  are  carefully 
controlled  on  this  insert  and  the  surface  is  polished  to  0.2  pm  rms.  In  Fig.  1,  one  can  see 
that  there  is  a  0%-20%  chord  opening  in  the  center  of  the  model  with  a  762  mm  spanwise 
gap  used  for  inserting  different  test  fixtures  such  as  micro-bubble  array  and  the  MEMS 
devices.  Figure  1  also  shows  a  photograph  highlighting  the  leading-edge  region  of  the 
DFC  model.  The  aluminum  section  is  indicated  by  light  gray  area.  A  720  mm  span  is 
available  for  actuators  and  measurements.  Contoured  end  liners  are  used  to  simulate  infi¬ 
nite-span  swept-wing  flow  conditions. 

A  solid  insert  is  made  with  the  model  in  order  to  calibrate  in  non-roughness  case.  Another 
solid  insert  has  been  fabricated  in  order  to  accommodate  the  roughness  actuators.  This 
insert  has  a  spanwise  slot  centered  at  3%  chord  for  the  installation  of  the  MEMS  devices. 
The  762  mm  span  of  the  insert  provides  ample  test  area  in  which  to  perform  the  experi¬ 
ments. 

Roughness  Elements.  Previous  reports  described  roughness  elements  made  of  silicon 
using  MEMS  technology.  Implementation  of  this  technology  proved  difficult  and 
whereas  the  devices  could  be  successfully  built,  we  would  not  have  had  time  to  test  them 
in  the  wind  tunnel.  We  have  changed  the  direction  of  our  approach  and  chose  instead  to 
use  the  displacement  of  thin  foils  as  roughness  elements.  We  worked  with  mylar,  alumi¬ 
num  and  stainless  steel  and  had  the  most  success  with  110  pm  thick  aluminum.  The  foil  is 
placed  over  a  3  mm  hole  which  is  pressurized.  The  subsequent  error-function-like  dis- 
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placement  is  different  than  the  static  roughness  used  in  the  previous  experiments  so  its 
effect  needed  to  be  verified. 

A  series  of  experiments  were  conducted  that  demonstrated  that  an  8  pm  displacement  of 
the  microbubbles  produced  the  same  transition  location  as  the  6  pm  fixed  roughness  of 
Saric  et  al2.  We  have  demonstrated  proof  of  concept  for  the  new  technique  and  now  have 
a  robust  method  for  creating  micron-sized  roughness  on  the  wing  surface  near  the  attach¬ 
ment  line. 

Fabrication  and  Assembly  of  Roughness  Actuators.  Distributed  arrays  of  microbub¬ 
bles  will  be  placed  near  the  leading  edge  in  order  to  vary  the  roughness  height  and  spac¬ 
ing  under  a  variety  of  flow  conditions  and  attempt  to  control  transition.  Initially,  rough¬ 
ness  heights  will  vary  from  4  to  20  pm.  Three  rows  of  actuators,  720  mm  in  the  span  di¬ 
rection,  will  be  utilized  on  the  model  and  will  consist  of  2  mm  and  3  mm  diameter  micro¬ 
bubbles  on  4,  6,  and  8  mm  spacings.  The  amplitude  of  the  microbubbles  will  be  varied  by 
changing  the  pressure  within  the  subsurface  cavity.  This  is  an  ideal  application  of  MEMS 
technology  since  a  large  number  of  valves  and  regulators  will  be  confined  to  a  small  vol¬ 
ume. 

Three  modes  of  operation  will  be  utilized. 

1.  A  quasi-static,  spanwise-uniform  array  whose  amplitude  can  be  varied  incremen¬ 
tally  during  the  experiment.  See  Figure  4. 

2.  An  oscillating,  spanwise  uniform  array  whose  amplitude  would  be  a  combination 
of  DC  and  AC  components  operating  to  100  Hz.  See  Figure  4. 

3.  An  oscillating,  phase-shifted  array  whose  AC  component  would  initiate  a  spanwise 
traveling  wave.  See  Figure  5. 

These  devices  will  then  need  to  be  mounted  in  a  wing  insert  for  the  ASU  wing.  The  in¬ 
sert  has  a  groove  machined  about  1 .5  mm  deep  and  30  mm  wide  to  contain  the  three  rows 
of  devices.  Furthermore,  the  groove  will  have  slots  machined  into  the  bottom  at  appro¬ 
priate  locations  for  the  connectors.  The  devices  will  be  placed  in  the  groove  such  that  the 
top  surface  of  the  devices  is  flush  with  the  wing  insert  surface,  and  the  connectors  are  po¬ 
sitioned  in  the  through  slots. 

Transition  Measurements.  Detailed  hot-wire  measurements  (100  profiles  per  x/c  loca¬ 
tion)  will  determine  amplitude-growth  conditions.  These  data  are  also  useful  for  the 
eventual  development  of  prediction  and  control  schemes  that  are  vitally  needed  in  C-F- 
dominated  problems.  Hot-film  sheets,  specifically  designed  to  simultaneously  measure 
the  surface  shear  stress  across  the  transition  front,  are  used  for  transition  detection.  The 
16  parallel  sensors  are  spaced  10  mm  apart,  thus  spanning  a  range  of  150  mm.  The  sens¬ 
ing  elements  are  0.127  mm  wide  and  1.5  mm  long.  The  length  is  designed  to  capture  the 
larger  scales  in  the  flow,  such  as  the  C-F  vortices  themselves.  Once  the  hot-film  sheet  is 
placed  across  the  transition  front,  the  signals  from  all  sensors  are  acquired  simultane¬ 
ously.  A  multi-point  correlation  technique  known  as  proper  orthogonal  decomposition 
(POD)  is  then  used  to  independently  identify  the  fundamental  instability  modes,  thereby 
allowing  an  objective  detection  of  the  entire  transition  region  (Chapman  et  al. ).  The 
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technique  isolates  the  primary  instability  in  the  first  POD  mode  and  the  secondary  insta¬ 
bility  in  the  second  POD  mode.  The  peak  of  the  first  POD  mode  identifies  the  onset  of 
transition  while  the  peak  of  the  second  mode  indicates  the  onset  of  turbulence. 

Summary  of  Recent  Computational  Work.  For  3-D  boundary  layers,  nonlinear  distor¬ 
tions  of  the  basic  flow  may  occur  early  on  due  to  the  action  of  the  stationary  primary  in¬ 
stability.  These  flows  are  characterized  by  an  extensive  distance  of  nonlinear  evolution 
with  eventual  saturation  of  the  fundamental  disturbance,  leading  to  the  strong  amplifica¬ 
tion  of  very-high-frequency  inflectional  instabilities  and  breakdown.  Here  linear  stability 
theory  (LST)  is  not  successful5.  However,  the  NPSE,  which  have  significantly  less  re¬ 
source  overhead  associated  with  them  compared  with  direct  numerical  simulations 
(DNS),  have  been  shown  to  accurately  model  transition  in  a  variety  of  flows  when  the 
environmental  conditions  are  modeled  correctly5.  In  recent  years  the  parabolized  stability 
equations  (PSE)  have  become  a  popular  approach  to  stability  analysis  owing  to  their  ele¬ 
gant  inclusion  of  the  nonparallel  and  nonlinear  effects  which  are  ignored  by  LST.  In  the 
PSE  approach  the  explicit  streamwise  diffusion  term  is  neglected  based  on  physical  ar¬ 
guments.  The  resulting  system  of  disturbance  equations  is  parabolic  and  thus  requires 
boundary  and  initial  conditions.  To  complete  the  problem  formulation,  initial  values  of 
the  disturbance  quantities  are  specified  at  some  streamwise  location  for  the  start  of  the 
analysis. 

At  ASU,  Haynes  and  Reed4  have  already  formulated,  coded,  verified,  and  validated  the 
PSE  (including  curvature)  for  the  ASU  experiments1’2.  As  an  example  of  the  power  of  the 
NPSE,  a  sample  of  the  excellent  agreement  between  the  NPSE  and  the  experiments  is 
presented  here.  A  spanwise  array  of  roughness  elements  is  used  near  the  airfoil  leading 
edge  to  introduce  12  mm  spanwise-periodic  C-F  disturbances  into  the  boundary  layer.  In 
this  particular  case,  the  initial  conditions  for  the  NPSE  calculation  were  obtained  by 
solving  the  local  LST  equations  at  5%  chord  location  for  the  fundamental  mode  and  ad¬ 
justing  its  rms  amplitude  such  that  the  total  disturbance  amplitude  matched  that  of  the 
experiment  at  10%  chord.  Figure  3  shows  the  comparison  of  experimental  N-factor 
curves  with  PSE  and  LST.  After  a  region  of  linear  growth,  the  disturbance  modes  achieve 
large  amplitudes  and  interact  nonlinearly,  saturating  at  30%  chord.  There  is  a  large  region 
of  nonlinear  interaction  from  30%-50%  chord  before  transition  occurs. 

Similar  agreement  is  found  for  all  experimental  freestream  and  roughness  conditions. 
These  results  validate  the  ASU  PSE  approach  for  cases  where  the  disturbance  inputs  are 
known  or  controlled.  For  the  research  under  this  proposal,  we  shall  investigate  various 
initial  conditions  modeling  the  roughness,  including  various  receptivity  models. 

Nonlinear  Parabolized  Stability  Equations.  The  detailed  hot-wire  measurements  are 
supplemented  with  NPSE  calculations  following  Haynes  and  Reed4.  Roughness- 
receptivity  models  will  be  developed  to  provide  initial  conditions  for  the  computations. 
These  will  be  validated  in  the  wind-tunnel  experiments.  The  goal  is  to  produce  a  compu¬ 
tational  model  that  duplicates  the  experiment  and  provides  a  means  for  analyzing  a  wider 
parameter  space. 
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Control.  We  have  brought  together  the  means  for  changing  roughness  height  and  distri¬ 
bution  during  an  experiment,  the  means  for  measuring  the  details  of  transition  location  in 
real-time,  the  means  for  calculating  the  observed  behavior,  and  the  means  for  modeling 
the  physical  mechanism  in  order  to  provide  initial  conditions  for  the  computations.  The 
initial  distributed  microbubble  array  will  be  used  to  delay  transition  under  different  flow 
conditions.  After  code  and  initial-condition  validation,  a  rational  prediction  and  control 
scheme  can  be  developed,  first  for  stationary  disturbances  and  then  for  traveling  distur¬ 
bances. 

Near  Term  Goals.  July  1999  will  be  spent  implementing  the  quasi-static  roughness  and 
conducting  preliminary  transition  measurements.  An  important  issue  to  be  resolved  is  the 
nature  of  the  secondary  instability  leading  to  transition.  There  is  strong  evidence  that  this 
part  of  the  breakdown  may  be  an  absolute  instability.  By  the  end  of  summer,  we  will  im¬ 
plement  the  MEMS  valves  and  regulators  for  dynamic  flow  control. 
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Figure  1.  ASU  airfoil  model:  ASU  (67)-0315.  All  dimensions  in  mm. 


Figure  2.  Profile  and  Cp  for  ASU  (67)-0315  at  cc  —  3  . 
The  unswept  (2-D)  cross  section  is  shown. 


Theory4  and  experiment1  for  12  mm  wave. 


Figure  4.  Microbubble  device  with  static,  spanwise-  Figure  5.  Microbubble  device  with  unsteady, 

uniform  roughness  array  deployment.  traveling  wave  roughness  array  deployment. 
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Goal 

The  objective  of  this  project  is  to  obtain  a  set  of  design  rules  that  can  be  used  to 
develop  an  efficient  and  economical  heat  exchanger,  that  will  meet  present  and  future 
integrated  circuit  micro  chip  cooling  requirements.  The  two  factors  which  largely 
determine  the  efficiency  of  a  heat  exchanger  in  this  situation  is  (1)  its  ability  to  transfer 
heat  from  the  chip  surface  to  a  transport  medium,  usually  air,  and  (2)  this  medium’s 
capacity  to  convect  the  heated  fluid  away  from  the  chip.  Our  proposed  solution  to  this 
conundrum  is  to  develop  and  characterize  a  micro  jet  impingement  cooling  system,  as 
conceptually  illustrated  in  Figure  1. 
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Figure  1.  Conceptual  illustration  of  MEMS  impinging  jet  heat  exchanger. 

Approach 

The  problem  had  been  broken  up  into  three  distinct  engineering  and  research  focus 
areas.  During  the  period  covered  in  this  report,  we  have  (1)  tested  single  micro  nozzles 
and  nozzle  arrays  at  various  operating  conditions,  (2)  rigorously  characterized  a  target 
sensor  chip”  which  also  simulates  heat  fluxes  via  backside  heaters  has  and  (3)  determined 
heat  convection  characteristics  away  from  the  impingement  region  via  the  investigation 
of  high-pressure  fluid  flow  in  instrumented  micro  channels.  The  data  obtained  from 
experiments  with  these  devices  can  be  used  to  formulate  rules  for  the  optimal  design  of 
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micro  impinging  jet  heat  exchangers  based  on  air  inlet  conditions  or  maximum  allowable 
surface  temperature. 


Progress  and  Results 

During  this  reporting  period,  August  1998  to  January  1999,  we  have  accomplished 
the  following  achievements. 


Testing  of  Target  Chip  with  Integrated  64  Sensor  Array 

A  second-generation,  temperature-sensor-array  chip  was  successfully  used  as  a 
test  target  for  the  impinging  jet  system.  This  2  cm  x  2  cm  chip  has  integrated  heating 
resistors  along  the  bottom  and  64  temperature  sensors  on  the  top.  Figure  2  shows  a 
completed  2nd  generation  chip  embedded  into  a  vacuum  chuck  for  impinging  jet  testing. 
The  uniformity  of  the  surface  temperature  distribution  produced  by  these  backside 
heaters  was  verified  using  an  infrared  thermal  imaging  microscope,  and  by  direct 


Figure  2.  Target  chip  with  integrated  sensors  and  heaters  mounted  onto  test  chuck 

Figures  3A,B,  and  C  show  some  typical  temperature  distribution  data  imaged  by 
the  sensor  chip.  By  moving  the  jet  around  the  sensor  chip,  we  should  get  reasonable  2-D 
temperature  distributions.  This  allows  us  to  quickly  confirm  that  the  target  chip  is 
functioning  properly. 
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Figures  3A,B,  and  C.  Thermal  sensor  image  of  a  500  um  nozzle  that  is  750  um  above  the 
surface  and  tracking  movement  from  left  to  center  to  right. 
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Testing  of  MEMS  Nozzles  and  Arrays 

With  the  target  chip  sensor  array  precisely  calibrated,  experiments  were 
conducted  with  micromachined  nozzles  and  arrays.  A  single  glass  nozzle,  a  MEMS 
single  nozzle,  a  MEMS  nozzle  array  and  a  MEMS  slot  array  were  tested  at  a  height  range 
from  100  pm  to  3000  pm  and  a  pressure  range  from  0.5psi  to  5psi.  The  MEMS  nozzle 
results  are  compared  to  results  obtained  from  a  similar  diameter  glass  nozzle.  This  is 
essentially  a  comparison  of  a  confined  versus  a  free  micro  jet  configuration. 

Single  Impinging-Jet  Cooling 

Figure  4  is  a  composite  of  the  sensor  chip  temperature  profiles  constructed  from 
instantaneous  sensor  array  data  for  each  of  the  three  cases.  First,  the  temperature  profile, 
shown  as  the  bottom  plane,  was  measured  in  the  room  temperature  without  any  heating 
and  cooling.  The  unifonnity  (±0.1  °C)  of  the  measured  temperatures  in  time  shows  good 
system  reliability.  The  top  plane  is  the  temperature  profile  measured  with  1.12  W  applied 
via  the  backside  heaters  and  no  cooling  on  the  frontside.  The  uniform  temperature  implies 
heat  was  envenly  generated  by  the  MEMS  heater  across  the  chip.  The  middle  plane  is 
temperature  profile  under  the  cooling  by  a  500  pm  diameter  MEMS  nozzle  which  is  750 
pm  above  the  surface  and  drived  by  5  psi  of  compressed  air  .  A  large  total  tempeiature 
drop  (>35  °C)  after  the  applied  cooling  shows  the  high  cooling  efectiveness  by  a 
impinging  jet.  A  small  temperature  variation  across  the  sensing  area  implies  a  large 
effective  cooling  area,  enough  to  cause  a  measureable  temperature  profile  even 
considering  the  large  thermal  conductivity  of  silicon. 
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Figure  4.  Composite  illustration  showing  the  effectiveness  of  impinging  jet  cooling. 

In  the  case  of  the  MEMS  jet,  it  is  more  of  a  confined  jet  situation.  Since  the 
MEMS  jet  is  a  hole  fabricated  into  an  approximately  4  mm  by  4  mm  silicon  chip,  at 
heights  less  than  1mm,  the  top  wall  combines  w  th  the  bottom  sensor  chip  to  produce  a 
channel  flow  effect.  This  reduces  the  volume  of  cold  air  next  to  the  MEMS  nozzle 
available  to  be  entrained  and  circulated  past  the  heated  bottom  chip.  This  leads  to  a 
higher  measured  surface  temperature  for  similar  height  and  pressure  conditions  when 
compared  to  the  free  jet.  Elowever.  at  larger  heights,  this  confined  flow  effect  is  greatly 
reduced  and  the  MEMS  jet  cooling  effectiveness  is  comparable  to  the  free  jet,  as  evident 
by  the  heat  transfer  coefficients  calculated  in  Figure  6  for  the  MEMS  jet.^  The  heat 
transfer  coefficient  for  the  free  jet  is  approximately  constant  at  0.032  W/cm  K  at  5  psi 
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and  0.025 W/cm2K  at  3  psi.  Thus  the  MEMS  jet  (with  an  approximately  16  mm2  chip 
area)  has  similar  cooling  characteristics  to  a  free  jet  when  the  H/D  ratio  is  greater  than  3. 
Comparison  of  Reynolds  numbers  indicates  the  observed  results  agree  with  the  expected 
flow  regime.  The  Reynolds  number  for  H/D  less  than  1  for  the  MEMS  jet  is  as  low  as 
1300,  which  is  in  the  lower  end  of  the  transition  region,  near  laminar  flow,  which  is 
known  to  have  poorer  heat  transfer  qualities  than  turbulent  flow. 

Jet  cooling  efficiency,  defined  as  heat  transfer  coefficient  normalized  by  the  kinetic 
energy  of  the  gas,  has  been  calculated  and  plotted  in  Figures  5  and  6  show  for  the  single 
free  jet  and  MEMS  jet  respectively.  For  both  types  of  jet,  a  low  gas  driving  pressure  gives 
a  high  cooling  efficiency.  This  gives  us  a  practical  guide  for  cooling  system  design:  Low 
gas  pressure  is  preferred  if  the  gas  source  and  power  limitation  is  the  constraint. 
Otherwise,  high  pressure  and  a  high  speed  jet  can  be  used  to  achieve  low  cooling  surface 
temperature. 


Figures  5  and  6.  Cooling  efficiency  at  various  heights  for  a  given  inlet  pressure  of  a  free 
single  jet  (left)  and  a  MEMS  jet  (right). 


Jet  Array 

Preliminary  data  images  with  a  nozzle  array  and  slot  array  are  presented  in 
Figures  7  and  8.  Although  the  temperature  images  are  not  as  simple  as  the  image  of  a 
single  jet  because  of  the  more  complicated  gas  flow  pattern,  the  temperature  distribution 
is  more  uniform  than  any  single  jet.  The  unexpected  slot  nozzle  image  in  Figure  8  is  due 
to  the  array  inlet  geometry.  It  seems  that  the  inlets  are  acting  as  nozzles  and  the  slots 
serve  to  confine  the  flow  along  the  slot  direction.  Hence  the  inlet  nozzle  effect  is  being 
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Figures  7  and  8.  Temperature  distribution  recorded  from  a  nozzle  array  at  500  pm  height, 
Pin  =  0.5  psig,  and  power  in  =  1.12  W  (left).  Slot  array  temperature  distribution  at  height 
=  1000  pm,  Pin  =  1  psig,  and  an  input  power  of  1.12  W  (right). 

In  practice,  cooling  fans  can  only  provide  a  limited  pressure  gradient  for  electronic 
cooling.  Since  it  is  assumed  that  standard  PC-level  cooling  fans  will  be  eventually 
interfaced  with  these  MEMS  devices,  in  practice,  it  is  reasonable  to  evaluate  cooling 
effectiveness  by  comparing  surface  temperature  as  a  function  of  inlet  pressure, 
irregardless  of  total  mass  flow  rate.  With  this  consideration  in  mind,  a  quick  comparison 
method  between  the  single  nozzle  and  nozzle  array  is  available,  as  evident  in  Table  1. 
From  Table  1,  it  is  apparent  that  if  one  design  parameter  is  a  small  available  pressure 
drop,  then  a  MEMS  nozzle  array  is  the  optimal  cooling  configuration 
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Table  1 .  Comparison  of  pressure  required  to  cool  the  test  chip  to  approximately  47  °C 
with  Q  =  1 . 12  W  and  height  =  500  pm. 

Temperature  Profile  Along  the  Channel 

In  the  past  year,  we  have  conducted  experimental  studies  of  the  temperature 
distribution  of  a  gas  flow  through  a  micro  channel  under  high  inlet  pressures.  The 
freestanding  micro  channels  that  were  used  in  the  following  experiments  have  integrated 
internal  thermal  sensors  (our  2nd  generation  design)  and  were  fabricated  using  surface 
micromachining  techniques,  which  were  also  outlined  in  detail  in  the  last  progress  report. 

After  we  have  rigorously  characterized  the  flow  inside  the  channel,  we  proceed  to 
examine  the  temperature  profile  along  the  channel  for  various  inlet  pressures.  Figure  9 
shows  the  temperature  profile  at  various  inlet  pressures,  as  measured  by  the  8  free 
standing  temperature  sensors  within  the  2nd  generation  micro  channel.  Even  at  300  psig, 
there  is  no  appreciable  temperature  difference  (less  than  0.1  °C)  along  the  length  of  the 
channel.  This  would  indicate  that  energy  loss  due  to  the  conversion  of  flow  energy  into 
viscous  frictional  energy  is  negligible  in  this  micro  channel  configuration. 
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Temperature  Change  along  the  channel 
Flow:  #  1  *»  >  #  8 
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Figure  9.  Temperature  distribution  within  a  micro  channel  at  various  inlet  pressures. 

Future  Plan 

As  evident  in  the  previous  sections,  preliminary  results  for  the  design  of  an  effective 
MEMS  heat  exchanger  are  now  available.  We  have  identified  optimal  nozzle 
configurations  for  a  given  set  of  design  constraints  (available  inlet  pressure  or  maximum 
allowable  surface  temperature).  In  addition,  we  have  demonstrated  a  large  decrease  in 
global  surface  temperature  using  micro  jet  impinging  cooling.  The  following  are  the  two 
things  that  we  will  do  in  the  near  future  that  will  finish  the  proposed  project  as  the  project 
is  expiring. 

(1)  Integrate  these  results  into  a  MEMS  heat  exchanger  design,  which  optimizes  spatial 
flow  frequency,  as  well  as  nozzle  size,  nozzle  height,  and  the  distance  between 

nozzles. 

(2)  Produce  a  2nd  generation  heat  exchanger  via  an  optimized  fabrication  process. 
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Abstract  .  . 

Flow  diagnostic  instrumentation  to  measure  turbulent  flow  in  research  and  instructional  wind 
tunnels  is  being  acquired  with  a  DURIP  equipment  grant.  These  instruments  include  a  multi¬ 
channel  hot-wire  anemometer  and  a  recently  developed  optical  analysis  system  based  on  a  two- 
dimensional  Hartmann  sensor.  This  instrumentation  will  provide  the  University  of  New  Mexico 
with  the  capability  to  make  measurements  of  turbulent  flow  similar  to  that  established  in  the  Air 
Force  Phillips  Laboratory  FOTTOS  project.  Graduate  and  undergraduate  students  will  be 
trained  to  make  turbulent  flow  measurements  with  traditional  anemometry  as  well  as  state-of- 
the-art  optical  techniques.  With  AASERT  student  support,  flow  control  techniques  will  be 
studied  for  wall-bounded  and  free  shear  flows. 

Approach  . 

In  collaboration  with  the  Air  Force  Research  Laboratory/Phillips  Research  Site,  we  previously 
studied  the  effect  of  large-scale  (or  coherent)  structure  on  optical  propagation  through  a  low- 
Reynolds-number  round  jet  (Luna  et  al.  1997;  McMackin  et  al.  1997,  1998,  Sapayo  &  Truman 
1997;  Truman  et  al.  1996,  1998).  The  experiments  were  carried  out  at  the  AFRL/Phillips 
Research  Site  in  collaboration  with  the  AeroOptics  working  group  led  by  Dr.  Lenore 
McMackin.  An  experimental  turbulent  jet  facility  was  developed  at  the  Philips  Lab  in  which 
flow  and  optical  parameters  can  be  measured  simultaneously.  The  Fast  Optical  Tomography  of 
Turbulent  Organized  Structures  (FOTTOS)  system  was  developed  as  well  as  a  steering  mirror 
control  system  for  propagation  of  a  thin  beam  through  the  jet.  Some  of  these  same  techniques 
will  be  employed  in  studies  at  the  University  of  New  Mexico. 

The  wind  tunnel  to  be  used  in  the  present  work  has  been  loaned  by  the  Air  Force  Research 
Laboratory/Phillips  Site.  It  is  a  subsonic  open-circuit  tunnel  designed  and  built  by  Rocketdyne 
for  optical  studies  of  turbulent  wall-bounded  flow  at  the  AFRL  Starfire  Optical  Range  in 
support  of  the  AirBome  Laser  (ABL)  program.  Nominal  design  velocity  is  18  m/s  through  the 
50  cm  (high)  by  10  cm  (wide)  test  section.  The  maximum  flow  Reynolds  number  is  of  the  order 
106  per  meter.  Silicon  rubber  heating  pads  are  attached  to  the  aluminum  walls  in  the  upstream 
part  of  the  test  section;  the  temperature  of  each  wall  may  be  controlled  separately.  Optical- 
quality  windows  (13  and  35  cm)  are  installed  in  the  downstream  portion  of  the  test  section  to 
allow  optical  measurement  of  the  flow  field.  Both  thermal  anemometry  and  laser-based 
diagnostics  will  be  used. 


A  unique  two-dimensional  Hartmann  wavefront  sensor  will  be  used  to  characterize  turbulent 
flow  in  the  tunnel.  Light  from  an  established  source  (here  a  laser  diode)  is  passed  through  the 
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turbulent  flow  where  temperature  fluctuations  will  aberrate  the  wavefront.  This  light  is  focused 
upon  a  2-D  array  of  micro-lenses  (or  lenslets)  that  generates  a  grid  of  focal  spots  on  a  2-D  CCD 
camera.  The  wavefront  slope  over  each  lenslet  is  determined  from  the  focal  spot  displacements 
and  the  wavefront  is  reconstructed  by  integrating  the  slopes.  These  wavefronts  will  be  analyzed 
to  characterize  the  turbulent  structure.  Neal  et  al.  (1996,  1998)  discuss  applications  of  this 
sensor  including  aero-optic  measurements  in  supersonic  flow.  Dr.  Dan  Neal  has  established  a 
company,  WaveFront  Sciences  Inc.  (Albuquerque),  to  produce  these  systems. 

Figure  1  shows  a  schematic  of  the  wind  tunnel  with  the  optical  path  for  the  Hartmann  sensor. 
Figure  2  shows  the  optical  components  of  the  Hartmann  sensor  from  the  light  source  to  the 
lenslet  array  and  CCD  camera.  The  relation  between  the  average  slope  of  an  aberrated 
wavefront  and  the  displacement  measured  in  the  CCD  camera  plane  is  illustrated  for  one  lenslet 
in  Figure  3. 


Figure  1.  Schematic  of  wind  tunnel  with  optical  path  of  Hartmann  sensor  through  optical 


windows  in  test  section. 


Figure  2.  Hartmann  sensor  components. 
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Figure  3  Schematic  of  Hartmann  sensor  measurement  of  average  tilt  across  a  lenslet  by 
displacement  along  CCD  camera  plane. 


Progress/Results 

The  instrumentation  will  support  research  in  two  areas. 

1)  continued  study  of  optical  propagation  through  turbulent  shear  flows,  and 

2)  studies  of  the  interaction  between  deformable  surfaces  and  flow  fields,  including  laminar, 

transitional  and  turbulent  flows.  _ 

The  latter  includes  flow  control  technologies  for  aircraft  control  surfaces  and  for  localized  flow 
control  to  reduce  separation,  delay  transition  or  reduce  drag.  These  materials  offer  the  promise 
of  continuous  deformable  control  surfaces  with  high  dynamic  response.  Ionic  polymer-metal 
composite  materials  are  among  those  that  will  be  tested  in  the  tunnel,  in  collaboration  with  Pro  . 
Mohsen  Shahinpoor  in  Mechanical  Engineering  at  the  University  of  New  Mexico. 

Interactions/Transitions  .  .  c 

A  project  in  collaboration  with  Prof.  A.  Domaradzki  and  Dr.  Darek  Bogucki,  University  of 
Southern  California,  and  Dr.  Bob  Ecke,  Los  Alamos  National  Laboratory,  was  initiated.  This 
experiment  uses  the  optical  diagnostics  available  at  the  Phillips  Lab  to  study  optical  propagation 
through  a  Rayleigh-Benard  cell  containing  water  that  simulates  turbulent  oceanic  conditions  for 
velocity  and  temperature  fluctuations.  The  data  is  being  analyzed  and  will  be  reported  this 
coming  year. 
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Program  Goals 

The  overall  program  goals  are  to  develop  an  extremely  sensitive  microelectromechanical 
(MEMS)  magnetometer,  based  on  a  resonating  xylophone  bar1"3,  to  measure  the  angular 
orientation  of  projectiles  with  respect  to  the  Earth's  magnetic  field.  The  accuracy  of  this 
device  (due  to  its  inherent  sensitivity  and  the  use  of  multiple  sensors  on  the  same  structure) 
and  its  small  size  (resonators  <  0.5  mm  in  length)  provides  a  unique  capability  that  surpasses 
the  performance  of  existing  MEMS-based  angular  rate  sensors.  Its  successful  development 
will  revolutionize  inertial  measurement  concepts  and  applications.  Specific  goals  of  the  first 
phase  of  the  program,  covering  the  period  August  1, 1998  to  July  31,  1999,  include: 

•  investigating  the  existing  MUMPs  18  devices  for  shock  survival  and  operation  after 
shocks; 

•  designing  polysilicon  xylophone  structures  of  varying  size  and  geometry  to  be  fabricated 
on  available  MCNC  MUMPs  runs.  These  will  enable  limits  to  be  set  on  the  frequency, 
quality  factor,  sensitivity,  and  shock  survivability  as  a  function  of  size  and  geometry  of 
the  MEMS-based  magnetometers; 

•  characterizing  SmartMUMPsl8  devices; 

•  preliminary  processing  development  of  sol-gel  derived  Pt/PZT/Pt  xylophone  structures; 
and, 

•  formulating  a  detailed  program  plan  to  develop,  characterize,  and  field  test  MEMS- 
based  resonating  xylophone  bar  devices  with  the  sensitivity  required  to  meet  the 
intended  application. 
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Shock  testing  existing  devices 

Existing  MUMPs  device  structures,  including  xylophones,  cantilevers,  and  diaphragms, 
were  selected  for  shock  testing,  diced  into  5  x  5  mm  chips,  released,  and  mounted  and 
bonded  into  40-pin  dual-in-line  ceramic  packages.  An  empty  such  package  was  fitted 
with  a  sapphire  window  and  subjected  to  shock  testing  to  verify  structural  survivability. 
The  package  was  placed  in  an  aluminum  housing  and  encapsulated  in  a  clear  potting 
material.  A  “window”  was  fabricated  in  the  top  surface  by  milling  out  a  small  patch  and 
refilling  by  hand  pouring  a  thin  layer  of  epoxy.  This  technique  allows  for  the  optical 
inspection  and  characterization  of  the  sensor  die  without  having  to  release  them  from  the 
epoxy.  The  packages  were  shock  tested  from  1,000  to  40,000  g's  ,  0.5  to  0.1ms  duration 
and  survived  all  shocks  in  this  range.  Therefore,  the  device  packages  were  fitted  with 
sapphire  windows  were  shock  tested  in  two  orientations  up  to  30  Kg's.  All  of  the 
magnetometer  elements  survived  the  shock  testing.  However,  it  was  observed  that  a  few 
of  the  magnetometer  elements  became  stuck  to  the  capacitor  plates  as  a  result  of  the 
shock  testing.  It  is  hoped  that  these  devices  will  be  released  from  the  potting  agent  and 
examined  further  to  determine  whether  they  can  be  freed.  Newly  designed  magnetometer 
die  will  be  tested  shortly. 


MUMPs27  Device  Design  and  Characterization 

Various  polysilicon  magnetometers  were  designed  and  fabricated  on  a  1  cm  square  site 
processed  on  the  first  available  MUMPS  run  (MUMPs27)  in  September  1998.  The  site  was 
divided  into  4  quadrants,  with  each  quadrant  containing  different  series  of  designs.  All  of 
the  devices  have  small  dimples  placed  in  the  center  and  near  the  ends  to  alleviate  stiction 
problems  encountered  in  the  past.  The  support  electrodes  are  anchored  either  to  the  polyO  or 
silicon  nitride  using  a  “5  of  diamonds”  pattern  to  minimize  the  loss  of  vibrational  energy. 
SEM  micrographs  of  one  of  the  released  300  x  30  pm  xylophones  are  shown  in  Figure  1. 


x 900  x 2000 


Figure  1.  SEM  micrographs  of 300  x  30  pun  MUMPs27  xylophone. 


Magnitude 


These  micrographs  demonstrate  the  clean  release  of  the  structure  and  clearly  show  the  “5  of 
diamonds”  support  system  anchored  to  the  nitride  layer,  and  morphological  evidence  of  the 
dimple  on  the  under  side  of  the  xylophone  bar. 

The  preliminary  evaluation  of  the  devices  has  been  undertaken  in  a  vacuum  test  chamber. 
All  devices  tested  to  date  have  worked  very  well  in  static  magnetic  fields  and  exhibit  quality 
factors,  Q,  of  almost  22,000  at  pressures  of  15  -  20  mTorr.  A  beam  deflection  microscope 
has  been  used  to  transduce  the  Lorenz  force  induced  motion  of  the  xylophone 
magnetometers. 
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Figure  2.  Response  of 500x50pm  Figure  3.  Response  of 500x50pm 

xylophone  with  4  pm  supports.  Xylophone  with  10pm  supports. 

Figure  2  illustrates  the  results  obtained  by  scanning  the  frequency  of  the  current  through  a 
500  pm  long  xylophone  with  4  //in  wide  supports  operating  in  a  static  magnetic  field.  The 
rms  current  through  the  device  was  22  pA,  the  magnetic  flux  density  was  on  the  order  of  mT 
(from  a  nearby  permanent  magnet)  and  the  test  chamber  pressure  was  35  mTorr.  From  this 
data,  the  resonance  frequency  was  found  to  be  78.1  kHz  and  the  Q-factor  was  almost  6700. 
The  predicted  frequency,  using  a  modulus  of  elasticity  and  mass  density  for  polysilicon  of 
160  GPa  and  2320  kg/m3,  respectively,  is  67.6  kHz. 

The  results  obtained  from  a  neighboring  xylophone  with  10  pm  wide  supports  are  depicted 
in  Figure  3.  The  magnetic  field  and  chamber  pressure  were  the  same  for  this  measurement, 
however  the  xylophone  current  was  increased  to  31  pA  due  to  lower  total  resistance  of  the 
structure  caused  by  the  wider  support  arms  (183  Q.  compared  to  270Q).  The  resonant 
frequency  of  this  device  was  95.6  kHz  and  the  Q-factor  was  7500.  The  dramatic  increase  in 
resonance  frequency  is  attributed  to  the  increased  torsional  stiffness  of  the  xylophone 
support  arms.  This  was  confirmed  by  a  detailed  analysis  of  the  mechanical  properties  of  the 
structures.  In  this  analysis  each  of  the  support  arms  was  modeled  as  a  combination  of 
vertical  and  torsional  springs  (Kv  and  KT,  respectively)  and  a  concentrated  mass  (M)  and  the 
resonator  was  modeled  as  a  beam  using  the  Bernoulli-Euler  beam  theory.  Use  of  this 
theory,  rather  than  the  more  complex  Timoshenko  theory  is  justified  because  the  wavelength 
of  vibration  is  much  larger  than  the  thickness  of  the  beam.  The  differential  equation 
governing  the  motion  of  a  Bernoulli-Euler  beam  undergoing  harmonic  motion  w(x,t)  at  a 

frequency  ft)  is  given  by 

EIw‘v  +  co2pAw  =  0 
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where  I  is  the  moment  of  inertia  and  A  is  the  cross  sectional  area  of  the  beam.  The  effects  of 
the  two  springs  and  concentrated  mass  enter  into  the  expressions  for  the  boundary 
conditions.  Here,  the  boundaries  include  both  ends  of  the  beam  as  well  as  the  support 
points.  The  zero-moment  and  zero-shear  boundary  conditions  are  used  at  both  of  the  free 
ends.  The  motion  of  the  beam  is  restrained  to  some  degree  in  both  displacement  and 
rotation  by  the  two  elastic  springs.  The  concentrated  mass  also  adds  inertia  to  the  beam. 
Because  the  springs  and  mass  are  attached  to  the  nodal  points,  neither  Kv  nor  the  mass  M 
have  any  influence  on  the  first  bending  mode  of  vibration.  Only  the  torsional  spring  Kt  has 
an  influence  on  this  mode.  The  results  of  this  analysis,  plotted  as  resonance  frequency  as  a 
function  of  support  arm  width,  are  given  in  Figure  4.  In  this  figure  the  solid  line  denotes  the 
results  of  the  analysis  and  the  open  circles  represent  the  practical  results. 


Figure  4.  Resonance  frequency  as  a 
function  of  support  arm  width  for  500x 
50  pm  polysilicon  xylophone  2pm  thick 
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Figure  5.  Response  of  a  500x50pm 
xylophone  at  15  mTorr  (squares)  and 
85  mTorr  ( circles ) 


It  is  well  known  that  air  pressure  greatly  influences  the  performance  of  MEMS  resonators 
and  an  example  of  this  effect  on  the  xylophone  with  4  pm  wide  arms  is  shown  in  Fig.  5.  For 
this  measurement,  the  magnetic  flux  density  was  on  the  order  of  10  |iT  (Earth  +  other 
background  fields)  and  the  xylophone  current  was  22  pA.  The  test  chamber  pressure  was 
varied  between  15  mTorr  and  85  mTorr  and  the  resulting  Q-factors  were  determined  to  be 
21,950  and  2,780,  respectively.  The  9  Hz  decrease  in  resonance  frequency  at  the  lower 
pressure  is  believed  to  be  due  to  thermal  effects  (lower  stiffness).  Moderate  temperature 
sensitivity  of  the  resonance  frequency  has  also  been  observed  at  constant  pressure  by 
varying  the  intensity  of  a  broad  illumination  source  or  by  repositioning  the  mW  beam 
deflection  laser.  There  has  also  been  evidence  that  mechanical  energy  losses  at  resonance 
contribute  enough  thermal  energy  to  measurably  lower  the  resonance  frequency  of  a  device. 

Further  evaluation  of  the  performance  of  the  various  MUMPs27  devices  will  be  undertaken 
as  functions  of  magnetic  field,  drive  current,  pressure  and  temperature.  However,  a  major 
disadvantage  of  the  design  is  the  restriction  on  drive  current  that  can  be  used  placed  on  it  by 
the  high  sheet  resistance  (10  Q/square)  of  the  polyl  material.  Therefore,  a  redesign  of  the 
was  undertaken  and  manufactured  on  the  MUMPs30  production  run.  In  this  design  the 
drive  current  to  the  magnetometer  is  fed  from  both  sides,  giving  an  immediate  doubling  of 
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the  drive  current  capability.  In  addition  the  use  of  polyl/poly2  supports  are  examined,  as  is 
the  use  of  gold  strips  along  the  length  of  the  xylophone  bar. 

SmartMUMPsl8  evaluation 

Examination  of  the  SmartMUMPsl8  devices,  when  finally  received  from  MCNC,  showed 
that  the  xylophone  bars  were  stuck  firmly  to  the  substrate  and  could  not  be  released. 

This  was  attributed  to  a  fault  in  the  APL  design  and,  in  no  way,  reflects  on  MCNC’s  release 
technology.  In  view  of  this  no  further  work  was  undertaken  on  the  devices.  MCNC  has 
recently  announced  that  they  are  no  longer  offering  SmartMUMPs  as  an  option.  Alternative 
approaches  are  being  pursued. 


Process  and  fabrication  of  PZT  magnetometer 

A  cross  section  of  the  prototype  magnetometer,  primarily  designed  for  process 
development  rather  than  operational  performance,  is  shown  schematically  in  Figure  5. 


PZT 


Figure  5  Schematic  plan  (left)  and  side  ( right)  views  of  PZT  device 


The  process  steps  include: 

1 .  sol-gel  deposit  PZT  on  Si/Si02/Pt  substrate; 

2.  sputter  the  top  Pt  electrode; 

3.  photolithography  define  the  xylophone  structure,  ion  mill  the  top  Pt,  dry  etching  the 
PZT,  and  ion  mill  the  bottom  Pt; 

4.  selectively  expose  bottom  Pt  at  contact; 

5.  deposit  PECVD  oxide  and  open  up  contact  vias  for  top  and  bottom  electrodes; 

6.  deposit  and  lift-off  contact  metallization;  and, 

7.  deep  RIE  etch  substrate  and  oxide  from  beneath  the  xylophone. 

An  SEM  micrograph  of  a  xylophone  structure  that  has  completed  all  the  process 
steps  with  the  exception  of  final  substrate  release,  is  shown  in  Figure  6. 
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Figure  6.  SEM  of  partly  processed  Pt/PZT/PT  xylophone  structure 

Work  is  continuing  to  further  develop  the  process  to  minimize  the  residual  stress  in  the  Pt/PZT/Pt 
structure  and  thus  allow  the  release  of  an  undistorted  xylophone  bar. 


Detailed  Program  Plan 

A  proposal  formulating  a  expanded  program  plan  to  develop,  characterize,  and  field  test  MEMS- 
based  resonating  xylophone  bar  devices  with  the  sensitivity  required  to  for  a  projectile-based 
angular  rate  sensor  was  submitted  to  and  accepted  by  AFOSR.  This  program  is  due  to  commence 
on  June  15, 1999. 
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Abstract 

In  1955,  Kays  and  London  pointed  out  that  a  most  effective  way  to  increase  the 
performance  of  a  heat  exchanger  is  to  increase  its  heat  transfer  surface  area-to-volume 
ratio,  p  [1].  Small-particle  packed  beds  result  in  large  values  of  p.  Unfortunately,  due  to 
the  tortuosity  effect,  the  effective  thermal  conductivity  of  the  solid  phase  of  the  packed 
bed,  k«ff  is  relatively  small,  so  that  much  of  the  gain  in  performance  obtained  by  having  a 
large  p  is  lost  by  having  a  relatively  small  keff. 

An  anisotropic  porous  matrix  having  large  P  and  a  large  keff  in  a  particular  direction  will 
result  in  a  very  effective  exchange  surface.  A  woven  or  braided  mesh  of  heat  conducting 
wires  can  be  configured  to  have  these  characteristics.  In  order  for  the  technique  to  be 
applicable  to  a  wide  range  of  applications,  the  woven  mesh  must  be  structured  such  that 
high  thermal  performance  is  maintained  while  coolant  pressure  drop  is  held  at  reasonable 
levels.  This  objective  can  be  achieved  through  careful  configuration  of  the  woven 
structure. 

The  overall  objective  of  this  work  is  to  develop  woven  mesh  heat  exchanger  technology, 
with  particular  attention  to  single-fluid,  parallel  plate  heat  exchangers  as  deployed  to  cool 
high  power  avionics.  The  technical  approach  includes  the  following  elements: 

1.  Analytical  Modeling.  Develop  analytical  thermal/fluid  performance  models  that  can 
be  used  to  assess  the  design  of  woven  mesh  heat  exchangers.  Complete  parametric 
studies  and  document  thermal/fluid  performance  characteristics  as  a  function  of  mesh 
configuration. 

2.  Weave/Braid  Characterization.  Quantify  thermophysical  characteristics  of  woven- 
wire  meshes/braids  (porosity,  effective  thermal  conductivity,  etc.).  Find  or  develop 
and  verify  (through  experimental  measurement)  analytical  or  empirical  models  for 
these  quantities. 

3  Prototype  Testing.  Design,  construct  and  test  prototype  heat  exchangers  that  use  this 
technology.  Benchmark  analytical  models. 

4.  Fabrication  Technology.  Develop  and  document  fabrication  and  manufacturing 
methodology. 

First  Year  Work  Plan.  First  year  project  activity  will  focus  on  demonstrating  feasibility 
by  designing,  constructing  and  testing  a  simple  (parallel-plate)  woven-mesh  test  article. 
The  exchanger  core  will  be  an  orthogonal  3-D  weave  made  up  by  stacking  orthogonal  2- 
dimensional  weaves  (similar  to  window  screening)  interconnected  with  straight  shute 
wires  inserted  through  the  2-D  weave  stack  [2].  This  weave  pattern  will  be  bonded 
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between  two  parallel  plates,  with  shute  wires  perpendicular  to  the  plate  surfaces,  to  form 
a  plate-fin  heat  exchanger  test  article.  Pre-tinned  solid  copper  wire  and  screening  will  be 
used  so  that  wire  bonding  can  be  accomplished  using  reflow-soldering  techniques. 

Specific  first-year  tasks  include: 

A.  Analytical  Modeling  Develop  an  analytical  exchanger  core  performance  model, 
complete  a  parametric  analysis  and  design  a  prototype  orthogonal  3-D  weave  parallel 
plate  heat  exchanger.  Initial  modeling  is  based  on  a  two-energy-equation  model  that 
treats  the  mesh  as  a  porous  thin  fin  [3] 

B.  Weave/Braid  Characterization.  Adapt  models  for  the  porosity  and  effective  thermal 
conductivity  of  2-D  weaves  to  the  three-dimensional  case  [4].  Develop  a 
measurement  capability  of  the  local  heat  transfer  coefficient  within  a  orthogonal  3-D 
weave. 

C.  Prototype  Testing.  Develop  a  parallel-plate  heat  exchanger  test  rig.  Complete 
performance  testing  on  initial  prototypes  (heat  transfer  /pressure  drop). 

D.  Fabrication  Technology.  Copper  screening  comes  in  a  wide  variety  of  configurations. 
However,  2-D  copper-wire  weaves  with  a  bond  at  the  wire  intersection  points  are  not 
available.  Therefore,  the  methodology  to  develop  such  a  screen  must  be  developed. 
We  expect  to  do  this  in  conjunction  with  a  company  that  has  experience  with  vacuum 
braising. 
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Abstract 

We  have  attributed  the  rapid  rate  of  spread  of  a  wall  jet  over  a  curved  surface  to  a 
centrifugal  instability  that  contributes  to  the  transport  of  momentum  across  the  flow.  For 
this  reason  a  wall  jet  flowing  over  a  circular  cylinder  in  the  absence  of  an  external  stream 
becomes  extremely  wide  before  separating  and  for  this  reason  perhaps,  vortex  generators 
placed  at  the  leading  edge  of  a  curved  slotted  flap  work  so  well. 


The  centrifugal  instability  associated  with  the  curvature  of  the  surface  generates 
streamwise  vortices  that  may  exist  even  in  turbulent  flow.  The  existence  of  such  vortices 
was  often  inferred  from  secondary  observations  rather  than  from  direct  measurements  of 
the  streamwise  vorticity  and  therefore  only  the  scale  of  theses  vortices  could  be  estimated 
from  time-averaged  properties. 


Az(mm) 

Figure  1 .  Cross  correlation  in  the  presence  and  the  absence  of  plane  excitation. 


Two  point,  cross  correlation  measurements  are  often  used  to  infer  spanwise  periodicity 
and  serve  as  an  indicator  for  the  existence  of  streamwise  vortices.  When  these 
measurements  are  done  in  the  presence  of  an  adverse  pressure  gradient  the  flow  might  be 
also  unstable  to  other  modes  due  to  the  existence  of  an  inflection  in  the  mean  velocity 
profile.  The  competition  among  these  modes  may  be  exacerbated  in  the  presence  of  plane 
excitation  as  we  have  demonstrated  already  last  year  (fig.  1). 
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The  measurements  were  made  using  two  hot  wire  probes  that  were  separated  by  a 
spanwise  distance,  Az.  The  gn  correlation  shown  in  the  figure  refers  to  a  normalized 
product  of  the  streamwise  velocity  component,  u'e  while  the  g33  correlation  refers  to  the 
product  of  the  spanwise  velocity  component.  Streamwise  vortices  would  generate 
alternating  directions  in  the  spanwise  velocity  component  that  are  dominant  near  the 
surface  and  thus  observed  there  in  the  most  clear  manner.  The  u2  -component  provides  the 
strongest  indication  for  the  existence  of  streamwise,  large-scale  vortices  since  the  normal 
component  u, ,  vanishes  near  the  wall  and  the  u0  -component  represents  a  secondary 
effect  (i.e.  a  downward  motion  brings  in  high-momentum  fluid  to  the  vicinity  of  the 
surface  that  increases  the  local  velocity  and  vice  versa.).  In  the  example  shown,  the 
natural  g33  correlation  attained  a  sizeable  negative  value  when  the  spanwise  separation 
between  the  probes  was  approximately  one  half  of  the  mean  spanwise  wave-length.  It 
implies  that  the  averaged  spanwise  dimension  of  a  counter-rotating  pair  of  the  streamwise 
vortices  is  «  50 mm  in  this  case.  It  was  also  shown  that  this  correlation  was  invariant  when 
the  spanwise  location  of  the  stationery  probe  was  altered  negating  the  possibility  that  it 
was  generated  by  surface  imperfections.  The  gn  correlation  decayed  exponentially  with 
increasing  probe  separation  and  it  only  provided  a  measure  to  the  scale  of  the  naturally 
occurring  spanwise  vortices  that  are  generated  by  the  spanwise  vorticity  existing  in  the 
mean  flow  (in  this  case  the  plane  wall  jet).  Two-dimensional  excitation  emanating  from 
the  nozzle  had  a  tremendous  impact  on  the  three-dimensionality  of  the  flow.  The  gn 
correlation  at  Az  =  50mm  increased  10  fold  (from  approximately  0.05  to  0.5).  The  negative 
g33  decreased  very  significantly  (by  a  factor  of  4)  and  its  spanwise  wavelength  increased 
somewhat.  This  suggests  that  plane  periodic  perturbations  cause  a  diminution  in  the 
strength  or  in  coherence  of  the  streamwise  vortices  but  in  order  to  assess  this  interaction 
detailed,  measurements  of  a  different  had  to  be  made. 


Figure  2.  Flow  visualization  in  the  y-z  plane. 


A  comprehensive  investigation  of  the  streamwise  vortices  occurring  naturally  in  the  flow 
was  first  undertaken.  Flow  visualization  (fig.2)  in  the  plane  normal  to  the  flow  direction, 
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revealed  clearly  the  existence  of  streamwise  eddies  whose  scale  was  comparable  to  the 
scale  educed  from  the  g33  correlations.  However  the  determination  of  the  strength  of  these 
eddies  could  only  be  achieved  with  the  use  of  a  PIV  and  this  was  done  with  the  assistance 
of  Professor  L.  Lorenzo  from  Florida  State  University. 
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Figure  3a.  Contour  plot  of  instantaneous  vorticity  in  the  y-z  plane. 
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Figure  3b.  Contour  plot  of  a  vortex  pair. 


Instantaneous  velocities  in  the  y-z  plane  were  measured  and  the  streamwise  vorticity  was 
calculated  from  these  measurements  (figs.  3a&b).  The  existence  of  strong  longitudinal 
vortices  was  thus  verified  but  they  proved  to  be  quite  different  from  the  regular  stationary 
vortices  predicted  by  Gortler.  In  fact,  when  the  vorticity  calculated  from  500  realizations 
was  ensemble  averaged  the  pattern  disappeared  suggesting  that  the  flow  is  perfectly  two- 
dimensional  in  the  mean.  This  implies  that  these  longitudinal  vortices  are  buffeted  by  the 
other  eddies  existing  in  this  highly  turbulent  flow  and  they  meander  across  the  entire  flow 
field  wrapping  themselves  around  one  another  in  a  random  fashion  as  they  proceed 
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downstream.  Consequently,  a  pattern  recognition  procedure  had  to  be  used  in  order  to 
evaluate  the  means  size  and  strength  of  these  vortices. 


Figure  4.  W-component  of  the  velocity  near  the  wall. 


When  the  spanwise  velocity  component  (near  the  wall)  was  evaluated  from  each 
realization  it  revealed  a  surprising  periodicity  that  is  also  shown  in  (fig.  4).  The  spanwise 
distance  between  adjacent  zero-crossings  having  the  same  direction  of  inclination  in  this 
figure  provide  the  instantaneous  wave  length  associated  with  the  streamwise  vortices  next 
to  the  surface,  because  each  such  crossing  represents  the  location  of  the  instantaneous 
stagnation  point  in  the  y-z  plane.  One  could  thus  generate  a  histogram  showing  the  most 
probable  number  of  vortex-pairs  in  a  given  cross  section  (fig.  5).  This  number  turned  out 
to  be  small  and  it  decreased  with  increasing  streamwise  distance  suggesting  again  that  the 
longitudinal  vortices  braid  themselves  forming  larger  vortices  with  increasing  x.  One 
could  also  obtain  the  location  of  each  zero-crossing  and  assess  its  dispersion  around  the 
mean  location  by  looking  at  the  histogram  accumulated  from  the  500  individual 
realizations.  The  standard  deviation  from  the  most  probable  location  approaches  20%  of 
the  spanwise  dimension  of  the  image,  nevertheless  it  is  of  the  same  order  of  magnitude  as 
the  scale  of  a  vortex  pair  containing  opposing  vorticity  (fig.  6). 


Figure  5.  Histogram  of  vortex  pairs. 
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Figure  6.  Location  probability  for  the  vortex  pairs 


Since  the  entire  data  base  is  stored  on  the  computer,  one  could  shift  each  image  in  the 
spanwise  direction  aligning  all  the  stagnation  locations  that  were  obtained  near  the  center 
of  each  image.  Such  an  alignment  created  an  ensemble  average  pattern  that  already 
revealed  the  existence  of  the  streamwise  vortices  and  the  spanwise  periodicity  existing  in 
the  flow.  The  pattern  is  distorted  in  the  normal  direction  and  does  not  represent  the 
location  of  the  vortex-cores  that  were  observed  in  the  individual  realizations.  To 
overcome  this  shortcoming  each  pattern  was  again  correlated  with  the  ensemble  average 
and  the  location  of  the  maximum  correlation  in  the  y-z-plane  was  recorded.  A  second 
ensemble  average  was  generated  by  moving  each  realization  in  y  and  in  z  and  aligning  it 
with  the  location  of  the  maximum  correlation.  The  pattern  that  emerged  from  this 
procedure  resembles  a  pair  of  streamwise  vortices  that  are  comparable  to  those  derived 
using  a  stability  approach.  A  second  iteration  of  the  procedure  did  not  sharpen  the  image 
in  any  significant  manner  suggesting  that  the  procedure  converges  rather  quickly. 
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Figure  7.  Enhanced  ensemble  averaged  vorticity  contours. 
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The  application  of  this  procedure  to  a  periodically  excited  flow  enables  one  to  evaluate 
the  possible  interactions  that  may  take  place  between  entirely  different  mechanisms  of 
instability.  They  may  point  the  way  to  optimization  of  the  excitation  necessary  to  exert 
maximum  control  over  flow  that  is  otherwise  about  to  separate. 
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Objective 

Our  previous  studies,  under  the  current  effort,  have  shown  that  a  single  actuator  can 
generate  free-jets,  wall-jets,  and  near-wall  vortex  flow  fields.  That  is,  the  actuator  can  be 
operated  in  different  modes  by  varying  the  driving  frequency,  amplitude,  and  geometry  of 
the  actuator.  Current  research  primarily  focuses  on  the  vortex  flow  field;  the  actuator 
serves  as  an  active  vortex  generator.  Our  application  is  to  replace  fixed  micro-size  vortex 
generators  with  active  devices  that  introduce  quasi-steady  vortices  in  the  boundary  layer 
in  order  to  delay  flow  separation  in  high-lift  systems.  The  objectives  of  this  research  are 
to  develop  active  vortex  generators  in  order  to  study  the  physics  of  the  actuator-induced 
flow,  to  validate  computational  simulations  of  the  actuator  generated  flows,  and  to 
conduct  experimental  studies  of  flow  control  using  these  active  vortex  generators.  This 
work  should  provide  an  impetus  for  designing  similar  active  flow  control  systems 
suitable  for  aircraft  applications. 

Approach 

The  actuator  system  consists  of  a  cavity  with  a  lightweight  plate.  The  actuator  plate  acts 
like  a  piston  pumping  air  out  of  the  cavity  on  the  down-stroke  and  sucking  air  into  .the 
cavity  on  the  upstroke.  The  actuator  is  placed  asymmetrically  over  the  cavity  opening, 
forming  narrow  and  wide  slots  when  viewed  from  the  top.  Previous  research  under  the 
current  program  indicates  that  several  flow  fields  (free  jet,  wall  jet,  vortex  flow),  are 
produced  by  the  actuator  depending  on  amplitude,  frequency,  and  slot  spacing.  Initial 
computational  studies4,  which  mimic  the  experiments,  have  shown  good  agreement  with 
the  experiments  for  the  vortex  flow. 

Flow  visualization,  actuator  displacement  measurements,  and  frequency  measurements 
were  conducted  simultaneously  to  document  the  actuator  flow  field  in  still-air.  The  laser- 
sheet  flow  visualization  system  consisted  of  a  3-watt  Argon-Ion  laser  and  a  progressive 
scan  video  camera.  The  images  were  recorded  in  analog  form  on  tape  and  also  in  digital 
form  on  computer.  The  actuator  displacements  were  measured  using  a  fiber-optic 
displacement  sensor.  The  displacement  measurements  have  an  uncertainty  of  ±4%  of  the 
measured  value.  The  non-dimensional  scaling  was  determined  from  these  measurements. 
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A  digital  PIV  system  was  used  to  measure  the  instantaneous  flow  field  in  a  plane 
perpendicular  to  the  actuator  plate  surface  and  along  the  plate  width.  The  flow  field 
measurement  was  phase  locked  to  eight  equally  spaced  phases  (45-degree  intervals)  of 
the  actuator  plate  motion.  Particle  images  were  recorded  using  a  digital  camera  (lKxlK 
pixels)  with  a  105mm  lens  at  1/3  image  reduction  ratio.  Measurement  volume  spatial 
resolution  was  less  than  1  mm  at  the  test  plane  and  32  pixels  at  the  image  plane.  Ten 
samples  of  PIV  images  were  taken  at  each  phase.  Ensemble  averages  were  computed  to 
estimate  both  phase-averaged  and  over-all  averaged  velocity  fields. 

Computational  simulation  of  the  actuator  generated  flows  have  been  developed  and 
applied  to  several  actuator  flow  modes.  The  computational  simulation  uses  a  time- 
accurate  full  Navier-Stokes  (NS)  solver  known  as  FTNS3D  (a  full  NS  version  of  CFL3D 
solver).  For  three-dimensional  computations  10  multi-block  grids  are  used  and  for  two- 
dimensional  computations,  6  multi-block  grids  are  used.  The  grid  blocks  adjacent  to  the 
actuator  plate  move  with  the  plate  motion,  and  second-order  interpolation  is  used  along 
the  block  interfaces.  Periodic  response  of  the  flow  has  been  observed  to  develop  after 
three  cycles  of  the  plate  sinusoidal  motion. 

Accomplishments 

In  this  study,  the  focus  is  primarily  on  the  vortex  flow  regime  characterized  by  a 
stationary  vortex  from  the  wide  slot.  Figure  1  shows  a  typical  time-averaged 
visualization  for  the  vortex-induced  flow  field;  the  arrow  denotes  the  direction  of  the 
vortex.  For  this  case,  the  vortex  spans  approximately  50  to  60%  of  the  plate  width  as 
observed  from  the  flow  visualization.  But,  the  core  vortex  size,  estimated  from  the 
velocity  profiles,  is  approximately  30  to  35%  of  the  plate  width. 


Figure  1:  Typical  flow  visualization  of  actuator  operated  in  the  vortex  flow  mode 

Figure  2  shows  the  time-averaged  streamlines  of  the  computational  simulation  for  the 
vortex-induced  flow  field.  The  time  averaging  of  the  flow  field  was  carried  out  over  the 
fifth  cycle  of  the  actuator  sinusoidal  motion.  The  repetition  rate  of  the  plate  motion,  frep,  is 
190  Hz  and  the  scaled  amplitude,  Sa,  is  0.13.  Comparison  of  the  computational  results 
with  the  time-averaged  visualization  of  Figure  1  shows  good  agreement. 
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Average  over  4-5  cycle 

f  =  190Hz,  Sa  =  0.13,  Re  =  146,  full  N-S 


Figure  2:  Computation  of  generated  flow  of  actuator  operating  in  vortex  mode 

For  the  present  study,  it  is  postulated  that  some  form  of  asymmetric  forcing  may  lead  to  a 
stronger  induced  vortex  (relative  to  a  sine  wave  forcing)  because  the  vortex  generation 
mechanism  relies  primarily  on  the  downward  stroke  of  the  actuator  plate  motion.  For 
asymmetric  forcing,  the  duration  and  form  of  the  positive  and  negative  strokes  of  the 
actuator  plate  differ. 


The  non-dimensional  governing  parameters,  using  asymmetric  forcing,  can  be 
generalized  from  the  sine  wave  forcing  analysis  of  Ref.  3.  This  analysis  produces  three 

governing  parameters  ( Re=  2dfv »  $a=  ft  aJ b,  ar*d  8w=wJb)  assuming  2D  incompressible 


flow,  a  fixed  narrow  slot  width,  and  a  characteristic  velocity  equal  to  the  actuator  plate 
peak  velocity.  Figure  3  shows  the  non-dimensional  design  correlation  for  three  flow 
regimes:  wall  jet,  free  jet,  and  vortex  flow.  (Note  that  this  data  was  conducted  over  an 
actuator  plate  width  range  from  5.56  mm  to  18.8  mm  and  a  wide  slot  range  from  0.32  mm 
to  2.54  mm).  Although  overlap  exists  between  each  region,  each  flow  field  has  a  region 
that  is  unique  to  that  particular  flow  field.  Operation  of  the  actuator  in  this  unique  region 
would  produce  the  desired  flow  of  interest;  e.g.,  at  Re  gw  =  25,  g2  =  0.5  and  1  for  the 

V 

vortex  flow  and  wall  jet,  respectively.  For  Re  gw  =4,  the  free  jet  exists  at  g2  =0.07. 


For  the  vortex  flow,  the  non-dimensional  range  for  asymmetric  forcing  is  within  the 
range  for  sine  forcing.  This  suggests  that,  although  the  vortex  strength  depends  on  the 
forcing  frequency,  the  scaling  may  not  dependent  on  the  type  of  forcing. 
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Figure  3:  Non-dimensional  design  correlation 


Figures  4  and  5  show  the  phase-averaged  velocity  fields  for  the  actuator  operating  in  the 
vortex  mode.  Each  figure  represents  the  average  of  10  samples  at  a  particular  phase  of 
the  actuator  plate  oscillation.  A  vortex  structure  is  measured  above  the  piston  for  each 
phase  suggesting  that  the  structure  is  stationary;  note  that  similar  results  are  observed  for 
the  additional  six  phases  not  presented.  This  is  consistent  with  the  averaged  flow 
visualization  pattern  observed  earlier,  and  the  computation  results  shown  in  Figure  2.  In 
addition,  an  unsteady  angled  jet  flow  is  pumped  from  the  wide  gap  indicative  of  mass 
ejection  from  the  actuator.  Figure  6  shows  the  averaged  flow  field  over  eight  phases.  A 
single  cell  vortex  structure  is  clearly  observed,  verifying  that  the  vortex  is  dominated  by  a 
stationary  mode. 


Figure  4:  Phase-averaged  velocity  field:  Phase  1  (plate  into  cavity) 
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Figure  5:  Phase-averaged  velocity  field:  Phase  3  (plate  out  of  cavity) 
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Figure  6:  Mean  velocity  field 

Future  Work 

Future  plans  are  to  continue  developing  and  validating  the  computations  with  experiment 
The  actuator  flow  will  be  further  studied  at  higher  frequencies.  Wind  tunnel  tests  using  £ 


single  actuator  will  be  conducted  in  a  separated  flow  to  compare  the  actuator  vortex 
mixing  with  micro-vortex  generators. 
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Nomenclature 

ad  Actuator  plate  displacement  from  maximum  position  out  of  cavity  to  maximum 
position  into  cavity  (mm) 
b  Actuator  plate  width  (mm) 

dT  Downward  period  of  actuator  plate  (s);  dT=\/(2*frep)  for  sine  wave  plate  driver 
f  Actuator  plate  driver  pulse  repetition  rate  (Hz) 
gw  Ratio  of  wide-slot  width  to  (actuator)  plate-width,  wjb 

Sa  Scale  Amplitude=  ft  ajb 
ww  Wide-slot  width  (mm) 
v  Kinematic  viscosity  (minis) 
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